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Disc. 54-30 


Discussion of a report by ACI-ASCE Joint Committee 323: 


Tentative Recommendations for Prestressed 
Concrete* 


By P. W. ABELES, L. D. BOSWELL, ROSS H. BRYAN, MICHAEL CHI, A. W. COUTRIS, 
CHARLES J. FOX, G. F. JANSSONIUS, T. Y. LIN, LE GRANDE P. MARCHANT, 
D. J. OSWALD and COMMITTEE 


By P. W. ABELEST 


Notwithstanding the fact that the writer, as a member of the committee 
gave an affirmative ballot on the tentative recommendations in general, he 
should like to make the following special comments. Some of them are re- 
lated to the British Draft Code which was published in 1957 open to comments 
that are now under consideration for the final wording. 


101—Objective 

This is an excellent summary, particularly the last sentence which refers 
to the importance of supervision. In the first sentence, however, it is stated 
that the objectives of the report are recommendations resulting in structures 
comparable in serviceability to constructions in other materials. If this is 
related to ordinary reinforced concrete, it must be pointed out that properly 
made prestressed concrete is obviously superior with regard to serviceability. 
It might therefore be advisable to insert the words ‘‘at least’? between ‘“are”’ 
and ‘“comparable.”’ Coming back again to the last sentence, I should like to 
emphasize that bad workmanship cannot be offset by increasing the factor 
of safety against failure or reducing the permissible working load stresses. 
Good workmanship and agreement between specified and achieved concrete 
strength at the time of prestressing are essential. If this is obtained, there 
is no need for enhanced factors of safety. Otherwise trouble is bound to 
occur owing to excessive creep after prestressing or even to collapse of the 
concrete at prestressing. 
104—Notation 

The writer had, together with R. H. Evans of Leeds University, and the 
late K. Mautner prepared the notation for the “First Report on Prestressed 
Concrete” issued by the Institution of Structural Engineers, London, 1951. 
He endeavored together with Professor Evans to obtain uniformity in the 
United States and Great Britain with regard to new symbols pertaining to 
prestressing, but apparently these efforts have been unsuccessful. While 
Concunre Ineritore, V. 30, No. 3, Sept: 1058 Part 2 Proceedinge V, 64, Commaittes closure to the discussion will 


appear in Part 2, Dec. 1958 JouRNAL. 
tMember American Concrete Institute, Consultant, Prestressed Concrete, London, England. 
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the symbols, now published, are greatly improved as compared with the first 
publication of notation by the committee, there is still much that needs 
clarification independent of the difference between notation in U.S. A. and 
Great Britain (e.g., see following discussion of 104.3, 104.4, and 104.5). 


104.3—Loads 


What do the words “effect of” load for D, L, and W mean? Do D, L, 
and W express respective, equivalent central point loads? 

The symbol L generally means the span and D should preferably be the 
entire depth of section, whereas W generally indicates a point load or the 
entire loading. Would it not be better to call all direct or equivalent point 
loads W and uniformly distributed loads w, with subscripts d, l, and w to in- 
dicate dead load, live load, and wind respectively? 


104.4—Stresses and strains 


In connection with the ratios kz and k, k3, it ought to be added ‘‘at ultimate 
load.”” Where the ratios 6; and 52 are mentioned, reference is missing to which 
stress these ratios relate, i.e. “initial prestress in the steel.’ 

While all stresses are designated by the symbol f, the concrete stress at the 
center of gravity of the prestressing steel is called in Section 208.2.2. Af.. 
This in fact indicates a difference of stress instead of a stress at a certain level 
and it seems therefore important to eliminate the A because of the wrong im- 
pression given. This stress might easily be described by a suitable subscript, 
e.g. f-s (the concrete stress at the centroid of the steel.) 


104.5—Friction during prestressing 

Steel stresses are here indicated by a capital letter T contrary to general 
usage f, and the suggestions in other parts of this clause. 

Generally it would be preferable to distinguish between stresses in a homo- 
geneous section for elastic design and those in a cracked section for ultimate 
design ; similarly it seems preferable to have different symbols for the prestress 
in the steel and that in the concrete which has been endeavored to obtain in 
the proposal of Professor Evans and the writer submitted to the committee 
some years ago. 


203.3—Length changes 


While the increase in strain due to creep may vary from 100 to 300 percent 
of the elastic strain, these strains will not necessarily be uniform over the 
entire length of a member; their magnitude and distribution will depend on 
the specific loading and the prestress along the member. Unfortunately in- 
sufficient test values are available relating camber and deformation under 
sustained loading. The writer has tried in vain to interest large research 
institutions in such investigations. 


204.3—Initial prestress plus dead load of member 


This clause is not quite clear. The loss due to elastic shortening depends 
with pretensioning on the initial prestress without the effect of dead load, 





RECOMMENDATIONS FOR PRESTRESSED CONCRETE 1219 


based on the condition that shortening of the concrete is equal to that of the 
steel; hence e = L,./E, = f-s/E., where L,, is the loss of the initial tensioning 
stress p; due to elastic shortening and f., the prestress of the concrete at the 
centroid of the steel. Due to dead weight, tensile stresses occur both in the 
concrete and in the steel and, consequently, the prestress is not increased by 
the elongation of the concrete and the tensile stress due to bending moment 
by the dead weight which reduces the precompression of the prestress. Thus, 
f-. is the concrete stress at the centroid of steel, due to prestress alone, ignoring 
the dead weight. 
206—Repetitive loads 

206.1—In the first line, the last word “may” should be replaced by “‘will.” 

206.3—In the first sentence, insert “efficiency of bond” after ‘“‘stress.’ 
Fatigue failure of steel will take place as soon as the bond resistance is over- 
come, although it would otherwise not occur if good bond were maintained. 


, 


206.7 b—This limitation is not essential particularly if the tensile steel is 


distributed and efficient bond is available, as numerous dynamic loading tests 
have proved.'? 


207.3.3—Stress at cracking load 

The “ultimate tensile strength,” i.e. the stress at which cracks become 
visible does not depend on vf,’. The properties of the cement mortar in the 
concrete, the distribution of the tensile steel, and its cover are of main in- 
fluence. This ultimate tensile stress is not identical with the modulus of 
rupture obtained from concrete specimens, which will vary greatly with 
various sizes and loading arrangements of the specimens. For concrete of a 
cube strength of 8000 psi (f.’ approximately 6000 psi) with well distributed 
tensile pretensioned steel the stress at which cracks become visible will be 
about 1000 psi; for the same kind of concrete but with individual cables and 
greater cover, this stress will be 500-900 psi, depending on the efficiency of the 
grout, provided that shrinkage cracks have not occurred previously. 


208—Loss of prestress 

208.2.1—Re symbol T see notation on 104.5 

208.2.2—Re symbol Af,’ notation on 104.4. 

The center of gravity ought to relate to the steel placed in the tensile zone* 
and not to the centroid of the entire steel, distributed over the entire section. 

With post-tensioning, the losses due to elastic shortening, in consequence of 
subsequent tensioning of individual cables, bars, or wires, will never be more 
than half the losses that would occur at simultaneous elastic shortening of the 
entire pretensioning steel. 

208.3—Method 2 should be eliminated or the losses increased. 

According to Section 101 these recommendations are presented solely for 
the guidance and information of professional engineers. Consequently, they 
should be in a position to assess the losses for certain assumptions; the basic 


*Prestressed Concrete With Pretensioned Steel. Loss of Prestress Due to Elastic Shortening of the Concrete," 
Concrete and Constructional Engineering (London), Feb. 1958. 
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“specific loss data” for ordinary concrete will hardly be “lacking,” as stated 
in the first paragraph of the last line as condition for Method 2.* 

If, however, Method 2 in Section 208.3.2 were to remain, it is suggested 
that the losses be changed to read as follows: 


Pretensioning 30,000 to 40,000 psi 
Post-tensioning 20,000 to 30,000 psi 


Witi: regard to camber calculations the selected values may be excessive if 
the losses are overestimated or too small if they are underestimated! 


210—Shear 


210.2.1—The formula shown appears to be not significant for the necessity 
of web reinforcement, since it does not contain the magnitude of precompression 
in the concrete related to the maximum resultant working load stress at the 
bottom edge which affects the development of inclined cracks where appre- 
ciable shear stresses occur. Neither the ratio of effective prestress to steel 
strength p./f,’ or (fse/f.’ according to recommendations) is of importance, 
nor the percentage p, related to the width of the top flange b. Danger of 
inclined tension cracks occurs where maximum bending and shear occur 
simultaneously.*.4.5 

210.2.5—The first paragraph and the conclusions drawn in the following 
two paragraphs give a good general explanation of the condition for special 
instances, i.e. cantilevers and point loads in simply supported beams. For 
example, if a point load acts on a simply supported beam at the center, the 
greatest danger of development of inclined cracks occurs at both sides of the 
load where greatest bending and shear stresses occur simultaneously in the 
same section. Consequently, maximum web reinforcement is required there 
and much less is needed in the remaining part of the beam with a minimum 
near the supports. This is just the contrary of the requirements with ordinary 
reinforced concrete beams, as the writer pointed out many years ago.*.4 
With regard to cantilevers, obviously maximum shear and bending moment 
occur at the support and therefore maximum shear reinforcement is required 
there in the same way as with ordinary reinforced concrete. 


212—Composite construction 

212.1 and 212.2.2—These two clauses give a very good description of the 
requirements; particularly in the second clause it is stated that the shear may 
be transferred either by bond or by shear keys, but in Section 212.2.3 mechani- 
cal anchorage by vertical ties is required in every case. 

212.3—The requirements detailed in Sections 212.3.2 to 213.3.4 might be 
satisfactory for composite constructions, consisting of precast prestressed 
beams and added slabs according to Section 212.4.2. However, composite 
slabs which are formed from precast prestressed members of inverted T- 
shape and added concrete completely embracing the precast members’ do 
not need special steel connections, provided the surface of the precast con- 


* Losses of Prestressing Force,"’ Concrete and Constructional Engineering (London), Aug. and Sept. 1958. 
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crete is not smooth. Moreover, the formula given for the shear along the 
contact surface in Section 212.3.2 is hardly applicable where the added con- 
crete is wedged between the precast members and the contact surface is in 
various planes, some of which are perpendicular to each other. Extensive 
tests on such composite deck slabs*.? have proved that separation between 
prestressed and added concrete does not occur before failure has taken place 
due to bending. However, when the surface of reinforced concrete was smooth 
and no key was provided between precast and added concrete, a separation 
occurred at approximately 92 percent of the ultimate load. 


212.4.6—This is a complicated problem and the results may vary greatly, 
depending on the extent of shrinkage in the precast member when the cast-in- 
place slab is added; for example, by moist curing and/or storing in a humid 
atmosphere during the time until the slab-in-place is added, shrinkage in the 
prestressed member may have been reduced to a minimum, so that the diff- 
erential shrinkage becomes negligible. Different creep must also be considered 
which may in certain circumstances counteract the influence of shrinkage. 

While the result of differential shrinkage with a cast-in-place slab will 
generally be such as described in this clause, the development of tensile stresses 
at the bottom fiber of a composite solid deck slab as described in discussing 
Section 212.3 will be much less and can consequently be ignored, as tests 
have proved. Similar consideration might apply to box-shaped prestressed 
sections with a concrete topping and cast-in-place concrete filling at the joints 
between adjacent sections. 


216.1—Cover 


For pretensioned steel (for which the prestress is transferred solely by bond) 
@ minimum concrete cover of 1 in. has been found completely satisfactory for 
surfaces exposed to weather, while a cover of '% in. has been used for con- 
structions of lesser importance, or protected from weather influence. These 
figures for cover have been embodied in the British Draft Code, now under 
consideration for final issue. The writer would like to refer to special ex- 
perience with spun concrete in Europe since 1910, where cover of only %¢ in. 
was provided in masts exposed to heavy chemical influences without any 
detrimental effect. By centrifugal molding a very dense concrete is ob- 
tained under any conditions except for faulty manufacture, but with vibrating 
satisfactory density should also be obtained if special care is taken at con- 
creting. 


303.2.4—Admixtures (for grout) 


Reference is made to new German investigations regarding mortar and 
grout for which special recommendations were issued in July, 1957.° It is 
of the utmost importance to avoid having water remaining in the ducts with 
the consequent possibility of freezing. It seems advisable to use an admixture 
of an expanding agent which gives very satisfactory results as I found out in 
recent experiments. 
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By L. D. BOSWELL* 


It is suggested that consideration be given to adding the following sentence 
between the first and second sentences of Section 102.2: “Beams and girders 


may be comprised of ‘single elements,’ or a number of precast elements here- 
after referred to as ‘segmental elements’.”’ 

This may seem to be a trivial matter, yet you may be interested to know 
that in the writer’s office the addition of this sentence immediately cleared 
up the reference to segmental elements in Section 207.3, and as is evident, it 
is assumed that the statement of this sentence is true. 


By ROSS H. BRYANT 


Too much importance, in the way of limitation of stresses, is attributed to 
tension stresses occurring in prestressed members in which mild reinforcing 
steel has been placed to resist these stresses. Why should we be concerned 
about the stress in prestressed concrete in which mild reinforcing steel has been 
placed, when we are not cencerned about the concrete stresses in ordinary 
reinforced concrete? It is assumed, of course, that the area of reinforcing 
steel provided will, in all cases, be based upon the excess moment producing 
tension in the concrete. 

For several years now we have been designing prestressed floor channels 
and double-T’s for fairly heavy live loads by combining the use of mild and 
prestressing steel. In many cases the calculated stresses have gone as high as 
1000 psi and many tests have been made of slabs designed in this manner. 


*Member American Concrete Institute, Engineer, Burns and McDonnell, Kansas City, Mo. 
+tMember American Concrete Institute, Consulting Engineer, Nashville, Tenn. 
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In all cases the slabs have performed above expectations and the cracking 
loads have always equaled or exceeded the expected values. 


The principal reason that we combine mild steel with prestressing steel in 
the above construction is to eliminate camber in the floor slabs. We have 
found that any prestressed member having more than 14 to %¢ in. residual 
camber after placement of topping slab is cbjectionable to the building in- 
dustry and requires additional topping concrete, reduces the clearances 
for mesh and conduit placement, and saddles somebody, usually the fabricator, 
with an extra to pay for these items. In some cases partial tensioning has 


been used to control camber. I am not in accord with this practice and feel 


that two undesirable features are inherent in this procedure. There is reason 
to believe that the bond of the partially tensioned strand will not hold up 
under high shears, and we know from experience that the load-deflection 
curves of members having partially tensioned strands rise very steeply after 
cracking as compared to a relatively uniform rise of a slab having mild steel 
added. This is due, of course, to the difference in steel areas. 


I feel that the specifications should require that all moment, whether 
caused by the prestressing force or by vertical loads, above that producing 
zero stresses in the concrete should be resisted by mild reinforcing steel, 
working at a stress not exceeding 20,000 psi. This will permit us to control 
camber and will at the same time free us from a limiting specification which 
architects and engineers, who are unfamiliar with prestressed concrete, may be 
inclined to hold to rather rigidly in spite of the undesirable limitations it may 
put upon a logical design. 


By MICHAEL CHI* 


The committee ought to be congratulated for the timely and informative 
report on prestressed concrete. The designers as well as the industry are 
indebted to and benefitted by their effort. 


It is indeed pleasant news that the committee follows the precedent of the 
Bureau of Public Roads to base the allowable temporary compressive stress 
on the concrete strength at the time of initial prestress. Although the logic 
behind this is self-evident, it was not recognized by the pioneers. Magnel!® 
was the first to suggest that the prestressed design should be governed by four 
simultaneous equations. Because he based all allowable stresses at various 
stages on the 28-day concrete strength, the condition when the girder weight 
is the only load has to be considered with the initial prestress before loss. 
There are two drawbacks to this method. First, the length of waiting period 
for the maturation of concrete before the prestress can be safely applied was 
only implied, not explicitly expressed mathematically. Secondly, Magnel 
and subsequent investigators'':'?:'5 have been able to express the required 
section properties consisting in the coefficient of prestress loss, and the dead 


*Member American Concrete Institute, Associate Professor of Civil Engineering, The Catholic University of 
America, Washington, D. C. 
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load moment. In other words, the beam weight must be assumed before the 
design can be commenced. Thus, the design has to be made by cut-and-try 
method. The writer believes that this is the greatest single obstacle to de- 
velopment of a direct method of prestress design. 

When the temporary stress is based on the concrete strength at the time of 
transfer, there is no assurance that the compressive stress at the bottom 
flange, under the final prestress and dead load, is within the allowable limit. 
Therefore, the four design equations should be based on the final stage of 
prestress. It may be easily verified that in this method, the dead load mo- 
ment drops out, and the section modulus can be expressed in terms of only 
the live load moment and the allowable compressive stress. This indicates 
that a method of direct design is feasible, and the cut-and-try method may be 
~-dispensed with. 

After the completion of the design by this method, the temporary com- 
pressive stress need not be checked, but may be assured to be within the 
permissible level simply by the determination of the required concrete strength 
during the time of transfer. This may be shown as follows: 


Fo i Me 
_ hi fea’ 
Z 
Me 
—* = fe! 

Z : 
where \; and \ are the safety factors and the other notations are the ones 
used in the standard text.'* Whence 


| dS! + (1 — F/Fo) Me/Zs 
or ie. Oe 

This expression shall prescribe the prestressing schedule based on a given 
strength-time curve of concrete. 

The writer is disappointed in Section 304.5. AISI 9260 steel has been used 
successfully in leaf springs for many years, after it is usually hardened and 
tempered instead of being cold worked extensively. Cold working reduces 
ductility. While low ductility does not necessarily imply poor performance 
in the actual structures, it is nevertheless directly contrary to the spirit 
of the rigid specifications for steels of structural and intermediate grades. 
The adequate ductility of many steels satisfactory for reinforced concrete 
assures extensive stretching at ultimate load without breakage and the ulti- 
mate failure of the beam is caused by the crushing of concrete due to excessive 
deflection. Steels with extremely low ductility may snap due to stretching 
at nominal deflection even in so-called underreinforced prestressed concrete 
beams. This type of failure may be quite sudden and is not much less disas- 
trous than a brittle failure of concrete in overreinforced prestressed concrete 
beams. 
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High strength is not always associated with low ductility. For instance, of 
25 high grade low alloy steels hardened to a strength around 150,000 psi, the 
average elongation is around 20 percent and the average reduction in area is 
around 50 percent.'® The corresponding figures of the cold worked AISI 
9260 steel stated in Section 304.5 are of questionable acceptability, and cer- 
tainly not recommendable. 

The standard gage length of ASTM tensile specimen for low alloy steel 
bars is a little more than 2 in. A gage length of 20 bar diameters seems un- 
necessarily long. For instance, a gage length of almost 24 in. would be re- 
quired to test a 114-in. bar. The short gage length enables the detection of 
the extreme ductility near the neck-down zone. The excessively long gage 
length tends to wash out the effect of this important property, to say nothing 
about the waste of material and inconvenience during testing. 

The process of final stretching to 90 percent of the bar strength is prob- 
ably based more on the consideration of manufacturing cost rather than of 
proof testing. The technique of prestressing is a process of proof testing by 
itself. Any additional safety measure seems redundant, especially if it is 
done at the expense of ductility. 


The writer believes that many better steels which have been widely used 
in the automobile industry may be used for prestressing in the future. The 
tentative recommendations on bars may tend to discourage this development. 


Unless the steel consists of more expensive alloy elements such as nickel 
and chromium it usually contains coarse grained austenite which makes the 
material more subject to cold embrittlement at subfreezing temperature 
and excessive creep strain at ordinary temperatures: At elevated temperature 
some steel may eventually show increasing creep strain after a long period 
of constant rate of creep which resulted from the balancing of strain harden- 
ing and recrystallization. The limited relaxation tests on steel wires made 
recently at Illinois'® showed this alarming tendency even at room temperature. 
The long-term performance of prestressing steels shall remain doubtful until 
extensive long-term relaxation test data are available. 
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j By A. W. COUTRIS* 


A valuable aid for the advancement of linear prestressed concrete struc- 
tures has appeared with the publication of this first recommended practice. 

The collection and critical examination of a vast amount of scattered tech- 
nical information, indispensable for an undertaking of this nature, is not a 
simple task by any means. The committee members are to be congratulated 
for their intensive and persevering efforts to express concisely the present 
state of our knowledge in this domain. Their work, differing from that of 
other committees concerned with structural design by being recommendatory 
and not mandatory, makes some brief remarks on the original purpose of 
such authoritative documents highly desirable. 


ADVISORY REPORTS VERSUS CODES 


The tirst authoritative body, organized to consider and pass upon newly 
acquired knowledge and information gleaned from experience, was the First 
Joint Committee on Concrete and Reinforced Concrete (1904-1917). Its 
final report of 1917!’ exerted a profound influence and served as a model for 
succeeding committees. Though various portions have been decidedly modi- 
fied or amplified in the way of new assumptions, tabular values, and formulas, 
its essential form has been retained.t 

Most unfortunately, its advisory spirit was not retained. The Second 
Joint Committee decided that conditions would be improved by the dogmatic 
statements of a specification (1925), which established the pattern for codes 
in use today. 

An intransigent attitude, however, does not suffice for a clear understanding 
of complicated structural behavior. Rational explanations of the complex 
behavior of concrete, as a constituent structural material in prestressed or 
reinforced construction, have drawn the widespread attention which they 
deserve only within the last decade. Similarly, the general necessity for an 
accurate transition from the strength of laboratory specimens to the strength 
of full seale structural elements has been clearly revealed during this period, 
and the need for a new specialized branch of scientific endeavor is forcefully 
beginning to manifest itself.1° The same 10 years have witnessed a careful 
re-examination of the basic concept of the ‘‘safety factor,?°.*! but its important 
consequences for design must be relegated to a remote future. Investigations 
of the inelastic character of continuous prestressed frames have barely occupied 
these last 5 years.?*-?* 

In the face of the limitations of present knowledge no set of regulations 
can hope to offer instructions which adequately cover every situation con- 
fronting designers. Moreover, the succinct embodiment of all existing analy- 
tical, experimental, and practical evidence in a code is obviously unfeasible. 
These statements maintain their vigor even if the field is restricted to 


*Member American Concrete Institute, Consulting Engineer, Paris, France. j 
tAnother evaluation of the significance of the First Joint Committee report is presented in Reference 18. 
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so-called standard structures, i.e., structures for which specifications are pri- 
marily directed because they occur so frequently. Their validity is confirmed 
by the failures? which happen occasionally despite the fact that mandatory 
procedures are correctly employed. 

Accordingly, the reaffirmation of the initial aim of authoritative docu- 
ments, as fundamentally advisory reports to be used by competent engineers, 
seems particularly well justified for prestressed concrete. Valid deviations 
from their recommendations on the basis of specialized experience and sound 
judgment may be demanded under certain circumstances. 


Fixed rules cannot produce or supersede intelligence, judgment, and ex- 
perience. On the contrary, intelligence, judgment, and experience should 
control the interpretation and application of rules. 

The writer is pleased that Committee 323 has recognized this fact by an 
earnest appeal to prevent the thoughtless execution of formulistic operations, * 
and believes that the interests of the public and engineering profession will 
continue to be served best only by reports preserving the advisory spirit 
which has been initiated. 


COMMITTEE RECOMMENDATIONS 


The following comments on two of the more delicate issues are made in this 
same tone. 


Friction loss © 

The first of these deals with friction loss in post-tensioned steel (Section 
208.2.1). The suggested values for wobble effect K and curvature effect u 
relative to steel cables in metallic sheathing represent a conservative view- 
point. On the basis of experimental results,?® a K of 0.0005 for heavy gage 
tubing and 0.001 for light gage tubing is indicated. Two of these experiments 
with light gage tubing (which showed the much higher values of 0.003 and 
0.005) lack practical meaning, since common sense would guide a designer 
away from the use of this type of sheath in instances of the heavy vibration 
of the concrete. Recent field measurements’ tend to confirm the use of 
0.001 for K in an advance estimate of friction losses as reasonable. 

Though the recommended yu values are more realistic, it is felt that they 
could be lowered somewhat with safety. For the past several years, the 
writer has seen employed and has himself employed a uw range of 0.15-0.35 
and K range of 0.0004-0.0013, choice of specific values depending on the 
peculiarities of the project being treated. Every structure has performed 
most satisfactorily. In those cases where field testst have been undertaken, 
a close agreement between predicted losses and measured losses nearly always 
occurred, 

Regarding the coefficients advised for high strength bars, considerable care 


should be exercised in their employment. Bars are sensitive to any wobble 
*It should be noted that the philosophy behind the modern building code never intended to cause this effect (see 


Reference 25). 
+To be published elsewhere. 
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in the duct due to their much greater stiffness compared with high tensile 
wire. Unfortunately, reported information is meager, but one source* does 
offer (0.001, 0.30), (0.0005, 0.30), (0.0000, 0.30) for steel ducts, exceeding the 
bars by 14, 14, and 4 in., respectively, and lubricated with a lead coating. 
Therefore, it may be suspected that the suggested design values for K of 
0.0002, 0.0003 and for uw of 0.15, 0.20 incline toward excessive liberality. A 
K between 0.0005 and 0.001 and a u between 0.20 and 0.30 seem more prudent. 
Their use is urged until this question is clarified by a large number of tests. 


Actually, it should be emphasized that high friction losses are not normally 
a matter to worry about because efficient techniques exist for their reduction. 
These are: 


1. Redesigning with simpler tendon profiles. 

2. Rigid ducts for straights. 

3. Flexible ducts for curves, enabling the formation of a natural catenary with a 
negligible wobble. 

4. Jacking from both ends. 

5. Building with a decent degree of field competence. Even in conventional con- 
struction, material cannot be placed and erected without some precautions. 


6. Lubricated tendons and ducts.2* Friction may be reduced to a minor aspect.t 
Another interesting case, clearly revealing the powerful potential of lubri- 


cants, involves large circular tanks. In the past this type of structure has 
posed the problem of unusually high friction losses quite difficult to avoid. The 


encouraging results of recent experimental studiest with an oil possessing 
special properties corroborate strongly the effectiveness of this general ap- 
proach. 


In the event that none of these past six suggestions can be applied, a thor- 
ough economic analysis may discover occasionally that the expense of a rela- 
tively large increase in steel is sinall in contrast to the in-place cost of the 
tendons. Incidentally, this is generally true for moderate increases. 


Ultimate flexural strength 


The second topic inviting discussion is that of ultimate flexural strength 
[Section 209.2.1(a)]. 


An important start has been made by the experimental research®® which 
was taken as a base for the material in this section. The conception of a test- 
ing program, which (1) must cover a large enough range of relevant variables, 
(2) must test pieces capable of being handled by laboratory machines, (3) 
must yield information of immediate practical utility for design, strikes a 
natural difficulty. It may be that the successful accomplishment of all of 


*Reference 26, p. 20. While a sufficiently large excess of duct over tendon obviously eliminates the wobble 
problem, objectionable consequences may be incurred, such as (1) higher duct costs, (2) increased height and width, 
and (3) added dead weight, due to enlarged over-all section dimensions. 

+A paper on the tests performed with lubricated prestressing cables at Tancarville (France), in conjunction with 
the construction of Europe's longest suspension bridge, was given at the May, 1958, Berlin conference on prestressed 
concrete. 

tTo be published elsewhere. Even when K and yu are both equal to zero, measured elongations are always larger 
than predicted elongations due to other considerations. 
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these goals would necessitate a special test series for each one of them, a 
course of action made impossible due to limited resources. The restrictions 
which are placed upon impartial experimenters should be fully appreciated 
by any engineer before he assumes a critical position. The ensuing remarks 
are not meant as criticisms but are raised as unsettled points in need of further 
study. 


First, it is reasonable to believe that expressions of ultimate flexural strength, 
derived for rectangular beams, are applicable to flanged sections if the neutral 
axis lies within the flange. But since they contain empirical coefficients, re- 
liable predictions are obtained only with caution. The investigations previ- 
ously cited?® included a helpful chart showing the effect of k,; k; on the ulti- 
mate moment M,. For FE, P/f,’ below about 25, k; ks, has a negligible in- 
fluence on M,. With a sharp increase in F£, P/f,’ the sensitivity of the ultimate 
moment to variations in k; kz; becomes strong. Therefore, experimental data, 
proving k, k; independent of the shape of the cross section and of b/d* for 
large E, P/f.’ would be reassuring. Observe the interesting fact that flanged 
beams, formed in practice by the insured interaction between slabs and their 
supporting beams, do not seem to be cause for alarm. Though their cross 
sections are most certainly not rectangular and upper bounds of b/d as high 
as 1.5 are sometimes attained, the wide b width of the interacting slab usually 
forces E, P/f.’ below 25, eliminating any dependence of the ultimate moment 
on ky, kz. 

Second, the awkward introduction of three empirical parameters, k;, ke, ks, 
is disconcerting. Most designers will not be in a position to undertake tests 
for these parameters. More conclusive data, demonstrating a reasonably 
consistent variance of k; k; with concrete strength f.’, would inspire more con- 
fidence in the recommended value of J.6 for k2/k; ks. The tests mentioned 
above®® intimate 0.5. Are there other data in support of 0.6? One of the 
fundamental weaknesses of testing, an inability to proceed from the com- 
pressive strains of a relatively simple test to the flexural compressive stresses 
in a structural specimen, can hardly be revealed more clearly. Efforts to re- 
move this weakness should be intensified, and direct attacks on the com- 
pressive stress block should be attempted. 

Another line of thought,?? valuable for the design office, was presented 
recently, introducing different dimensionless variables. An approximate 
formula for the ultimate moment of bonded members was developed, giving 
somewhat different results from that of Section 209.2. The equations which 
were derived and coupled with a plastic analysis predicted the ultimate 
strength of experimental continuous beams with a good approximation. It 


was felt that moment redistribution should be considered in design, an opinion 


differing from that of Section 213.4. Several factors aiding this redistribution 
were listed. 


*The laboratory specimens were confined to a set with b/d in the neighborhood of 0.7, 6 itself kept nearly constant. 
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By CHARLES J. FOX* 


Under Section 203.2(b) it is noted that the guide given for the modulus of 
elasticity for alloy steel bars is 27,000,000 psi. 

Accurate values for the modulus of elasticity of high strength alloy steel 
bars which have been cold worked are difficult to obtain. The yielding will 
be gradual in its early stages. Since interpretation is difficult it might be 
well to make the modulus of elasticity 25,000,000 psi, the same as for strand 
with more than seven wires. 


Sections 206.3, 206.4, and 305.1 refer to anchors and splices. It is noted 
that considerable emphasis is placed on strain concentrations and fatigue 
strength at splicing and anchoring points. There is in use a grip type coupling 
and a grip type wedge nut. These do not require the bar to be threaded, 
thereby eliminating the hazard of strain concentrations and the resultant 
danger of fatigue failure at these points. Fig. A illustrates the principle of 
these connections. 

Under Section 207.1.1 the initial prestress is shown to be 0.70f,’.. This has 
the effect of increasing the steel requirements by about 12 percent. We have 


*Member American Concrete Institute, President, Rods, Inc., Berkeley, Calif. 
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Fig. A—(left) Half sectional elevation of a wedge coupling. (right) Sectional elevation 
of a wedge nut. The sketches depict the coupling and nut in their normal position on a 
rod 


no desire to comment on the engineering features involved in the reeommenda- 
tions except as they might affect the amount of steel used and thereby having 
some bearing on the economies involved. 


By G. F. JANSSONIUS* 


My remarks will be confined to Chapters 2 and 3. 

Bonded and unbonded constructions are mentioned in many places. As I 
understand it, there is no grouting of prestressing cables or bars in an un- 
bonded construction. I believe that unbonded prestressed elements should be 
avoided and should not be mentioned in recommendations. 


Section 201.2—The meaning of these lines is not clear. As far as I know 
£ 
most test beams have collapsed when ultimate compressive strength of the 
concrete was reached. 
Section 207.3.1(a)—I do not see any technical reason why allowable tem- 


porary concrete stress for pretensioned members should be higher than for 
post-tensioned members. 


Section 207.3.2(b)—It is proposed to make a rather great difference with 
regard to flexural tension for pretensioned and post-tensioned elements. 
In my opinion so great a difference, if any, is not justified. 

Section 208.2.3—There is given one value for shrinkage to be used for cal- 
culation of prestress loss. I think there should be different values for preten- 
sioned and post-tensioned concrete. 


Section 213.3—This remark is not clear. Friction is dependent on many 
influences, but not on the fact that a construction is continuous or not. 


Section 304.2.2—In European practice, yield strength at 1 percent elonga- 
tion is rather unusual. Generally, 0.2 percent is used. or in Dutch practice 
also 0.05 percent. I think there is no good reason for a difference between this 
section and Section 304.5.2. 


*Amsterdam, The Netherlands. 
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By T. Y. LIN* 


Being a member of Committee 323, maybe the writer is not in a position 
to praise its accomplishments. But he would like to express his opinion 
that the committee certainly performed a great service to the profession. 
These recommendations are urgently needed in this fast growing field of 
prestressed concrete. 


The recommendations covered pretty well the essential points required 
for the design and construction of simple prestressed concrete structures. 
It is obviously not possible that all committee members could agree to the 
last detail. The writer, for one, has a number of dissentions. But he would 
like to limit this discussion to one basic disagreement concerning the approach 
to the design theory for prestressed concrete. 


Section 201.3, Design Theory, of the recommendations states: ‘The elastic 
theory should be used at design loads with internal stresses limited to recom- 
mended values. The ultimate strength theory also should be applied to 
insure that ultimate capacity provides the recommended load factors.”’ 


The writer does not think this statement gives the best approach to design. 
First, correct elastic theory is not yet available, and probably never will be, 
for the design of certain important items such as shear and nonprestressed 
reinforcements in prestressed concrete. Secondly, the safety, economy, and 
behavior of structures will vary widely when designed according to a simple 
set of allowable stresses such as listed in the recommendations. These facts 
were brought out by the writer in several papers.*°®:*! 


While it is true that such simple sets of allowable stresses have been used 
for some time and have apparently yielded safe results, it must be realized 
that this was more a matter of coincidence than of rational justification. Most 
of these values were empirically employed by pioneers of prestressed concrete, 
who at that time did not have as much knowledge and data as we now have, 
or as we will have. We as engineers who endeavor to seek the truth and to 
apply the laws of nature should not blindly follow these empirical values. 


As an example of the dangerous errors contained in these allowable stresses, 
let us consider the temporary stresses allowed in Section 207.3. Here tension 


in the concrete is limited to 3Vf,,’ for single elements and zero for segmental 
elements. A recently completed investigation at the University of California** 
proved definitely that the strength and behavior of beams at transfer cannot 
be simply described by stresses but are dependent upon a number of factors, 
such as the shape of the section, the amount and location of prestress, ete. 


Another pitfall in the elastic theory is discovered when applied to non- 
prestressed reinforcement intended to carry tensile stress. On account of 
shrinkage and creep in concrete, the nonprestressed reinforcement is actually 
in compression under the design loads. How can they be correctly designed 
by the elastic theory? 


*Member American Concrete Institute, Professor of Civil Engineering, University of California, Berkeley, Calif. 
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Better approaches to the design theory have been recommended by other 
organizations. 

The Prestressed Concrete Institute specifications state: “Design shall be 
based on both the elastic and the ultimate theory. It must be ascertained 
that the resulting structure will perform properly under the service conditions 


and will possess strength to carry occasional overloads. Proper performance 


shall mean that camber, deflections, creep, shrinkage, and cracks are within 
control.” 

The report of the prestressed concrete committee of the Structural En- 
gineers Association of Southern California included a similar statement 
but permits the design to be based on either the elastic or the ultimate theory, 
provided that proper behavior and sufficient ultimate strength can be assured. 
The reasoning there was that not both theories were available for all design 
problems, and many structures can be safely designed even if one theory is 
lacking. 

To serve as guidance, both of the above two references recommend a set of 
allowable stresses. But they permit variations therefrom provided it is 
shown that the structure will behave properly under service conditions and 
will meet the requirements of overloads. They also caution that uncommon 
structures must be investigated for proper behavior and ultimate strength, 
even if all stresses are within the specified limits. 

At this stage of our knowledge regarding prestressed concrete, we are not 
in a position to fix definite allowable values for all the stresses under all con- 
ditions. Arbitrary values as now recommended could not only end in un- 
economical results, but could be misleading, and therefore dangerous. Fur- 
thermore, why should we try to freeze our progress at a beginner’s level, when 
the realm of possibilities is just developing in front of us? 

The writer strongly feels that the recommendations should aim at guiding 
the engineers in their thinking, helping them in their understanding, supply- 
ing them with facts, but not forcing them to blindly follow arbitrary rules of 
thumb. To this end, Section 201.3 should be revised along the directions 
set by the two other reports mentioned previously. Several related clauses 
should also be clarified accordingly. 

The engineering profession is perhaps in its renaissance, now that we engi- 
neers have finally awakened to a new approach in structural design: the under- 
standing of the behavior and strength of structures. The committee would 
take an important step forward if such an attitude is expressed in its recom- 
mendations. Let us have enough courage to place the fundamentals of engi- 
neering design before the eyes of our fellow engineers, and not to mystify 
certain stress values which have no real meaning, nor to legalize certain rules 
of thumb which we know are only half correct. 
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By LE GRANDE P. MARCHANT* 


The ACI-ASCE joint committee report has been reviewed and I wish to 
commend the committee for the excellent work. I am sure the recommenda- 
tions will be a great aid to all persons interested in promoting the prestressed 
concrete industry. 

One of the important factors which always affect a manufacturer’s sales 
is the quality of the product, a fact which needs no explanation but which is 
sometimes neglected by concrete producers. In an effort to improve the 
quality of concrete, ACI has adopted as one of its standards “Recommended 
Practice for Evaluation of Compression Test Results of Field Concrete (ACI 
214-57).”” I realize that this “practice” has not been universally adopted by 
producers or specification writers. It is relatively new and time is required 
for busy people to familiarize themselves with new developments. Applica- 
tion of the standard requires that a certain amount of “historical”? data be 
evaluated before it becomes useful. 


I have applied the standard for some time now and am convinced of its 
usefulness and strongly urge that Committee 323 include its use as part of 
the ‘‘Tentative Recommendations for Prestressed Concrete.”” This could 
be done simply by rewording Section 302.4, Concrete Strength, to read: “The 
strength required at given ages should be specified by the designer. Con- 
trolled concrete should be used, tested, and evaluated in accordance with 
Section 304 as modified by Section A602(f) of “Building Code Requirements 
for Reinforced Concrete (ACI 318-56)” and ‘Recommended Practice for 
Evaluation of Compression Test Results of Field Concrete (ACI 214-57).” 


By D. J. OSWALD} 


As a manufacturer of prestressed concrete members, we have welcomed 
the “Tentative Recommendations for Prestressed Concrete.”” We would 
like to see these recommendations established into a criteria to be followed 
by engineers, specifications writers, and manufacturers of prestressed con- 
crete in the U. 8S. The work of the ACI-ASCE joint committee is a big step 
in the right direction. Our sincere thanks and appreciation to all the engineers 
who contributed their ideas and efforts to this report. 

In this discussion we would like to give our ideas and comments from the 
point of view of a prestressed products manufacturer. The engineer who 
designs a prestressed structure must secure a safe structure, but at the same 


*Ready-To-Pour Concrete Co., Idaho Falls, Idaho. ‘ 
t+tMember American Concrete Institute, Chief Engineer, Concrete Conduit Co., Colton, Calif. 
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time he must choose an economical and sound design under the given condi- 
tions to satisfy his client. But the final responsibility rests on the manufac- 
turer or contractor whose duty is to build a safe and sound structure as de- 
signed by the engineer, using the most economical methods of construction. 

Therefore, we feel that the committee was too conservative in some of its 
design criteria and construction recommendations which will not give the 
utmost economy of prestressing. We will discuss these in order of appearance 
in the report: 

Section 207.3.2, Stresses at design loads—a. Compression bridge members 
0.40f,’. 

This criterion is on the conservative side. In conventional reinforced con- 
crete, we allow 0.45f.’ in compression. This should be allowed in prestressing 
as well. Under most designs of simply supported prestressed beams, the 
maximum compression stress exists at the end of the member immediately 
after the force is applied against the concrete. The stresses in the center 
section are reduced at the bottom fiber under DL + LL and increased at the 
top fiber. However, we have found that almost always the compression stress 
at the top fiber at the center section is well below the compression at the end 
of the member. Allowing higher compression stresses, actually existing only 
at the end section, not only will allow using more economical sections but 
will also help against shear by reducing the diagonal tension at the end and 
closing cracks. This will reduce the required conventional reinforcing at the 
end section and further increase the economy of prestressing. 

Minimum ultimate concrete strength—The committee has not recommended 
in its report the minimum ultimate strength of concrete in 28 days. High 
strength concrete is as important in prestressing as is the high tensile steel 
being used. The economy of prestressing depends largely on obtaining high 
strengths in concrete. This is especially true in a pretensioning plant where 
good raw materials are used and quality can be easily controlled. We have 
obtained between 6500 and 7500 psi concrete in 28 days using Type II cement 
and without employing any additives. However, in most cases the design 
called for only 5000-psi concrete. The extra strength achieved was not used to 
obtain a better economy in the design. It is our opinion that 6000-psi con- 
crete should be used in the design whenever possible. 

Section 208.3.2—Assumed losses in pretensioning of 35,000 psi. This is a 
very conservative criterion. When one computes losses by evaluation of the 
shortening, shrinkage, and creep of concrete and the relaxation of steel stress, 
it can be shown that these losses at the center of the section are below 30,000 
psi. If one prefers to use an assumed value of losses, 30,000 psi is a more 
reasonable criterion. 

Section 212.2.2, Transfer of shear—We believe that the second sentence in 
this paragraph should read: ‘“‘It should be assumed that the entire shear is 
transferred either by bond or by shear keys or by the combination of both.” 
It seems reasonable that the shear not taken by bond, and not the entire shear, 
will be taken by shear keys. 
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Section 214.4—End block reinforcement. The committee fails to distinguish 
here between post-tensioning and pretensioning. While post-tensioning may 
require a reinforcing grid at the end to resist the tensile bursting and spalling 
forces due to concentrated forces, this is not needed in the case of pretensioning. 
Here the prestressing force is well distributed andZapplied to the member 
through bond in some distance from the end of the member. Tensile bursting 
pressures do not exist, and an end reinforcing grid may only resist the natural 
shrinkage of the concrete, resulting in shrinkage cracks and forcing a shear 
plane. 

Section 404.2.3, Transfer of prestressing force—One of the most common and 
practical methods of transferring the prestressing force in a pretensioning 
plant in the U. 8. is the use of a torch. A cable is heated at the same time 
on both ends of the pretensioning bed until it elongates and yields, thereby 
transferring the force to the concrete. The cables are cut symmetrically one 
at a time about the vertical center line of the members. This method has been 
used successfully all over the country on many prestressed projects. The 
phrase “‘smoothly and gradually’’ may therefore be misleading. The criteria 
should allow the transfer of force by the presently used methods and equip- 
ment providing no damage is caused to the members. 

Section 404.2.4, Protection—The use of a coat of asphaltic material to pro- 
tect the end of the pretensioning steel exposed to weather is justified. The 
preference of the committee in recessing the prestressing steel in the member 
will only raise the cost of prestressing. Since the prestress force does not 
develop at the end, but a short distance from it, there is enough concrete 
cover protection, and a coat of asphaltic material at the end should suffice to 
resist corrosion. 


We believe that the above comments are justified by experience and good 
practice. They should be incorporated in the criteria for prestressed concrete 
to give better design and a more economical prestressed product. 


Note: Committee closure to this discussion 
will appear in Part 2, December 1958 JourNAL. 





Disc. 54-31 


Discussion of a paper by W. Sefton: 


Multistory Lift-Slab Construction® 


By RICHARD M. GENSERT and AUTHOR 


By RICHARD M. GENSERTT 


The contribution by Mr. Sefton should be most helpful to American engi- 
neers in evaluating the lift-slab form of construction with other methods. 
This article indicates that Canadian technology has all the ingenuity the in- 
ventors of the system possessed. 

Having designed the first double-tiered-column lift-slab structure,f as well 
as many other types of lift slabs, we have learned and developed design con- 
siderations that may be of some interest to the ACI membership. Any sig- 
nificant variations probably reflect the different construction economies of the 
two countries. 


SLABS 


Although Sections 1002 and 1003 of the ACI Building Code allow for the 
design of flat slabs by means of moment coefficients, an analysis by this method 
when compared to a continuous frame analysis on point supports may yield 
an error as great as 85 percent on the low side for square panels. Since most 
steel columns used for lift-slab construction have a lower moment of inertia 
than that exhibited by concrete columns, and since cantilevered portions do 
not lend themselves to emperical analysis, it may be more appropriate to use 
continuous frame analysis, matching the loading to actual conditions. In 
other words, the pattern of loads may be triangular or trapezoidal, but should 
not necessarily be based on strips bounded laterally by the center line of the 
panel on either side of the rows of columns. 

Fig. A shows a typical bent with 20 x 20-ft bays and a DL + LL = 200 psf. 
In Table A, line I gives values obtained from the moment coefficients given 
in Section 1004 of the Code. Line II gives values obtained from a continuous 
frame analogy, the loading for which was determined by a strip bounded 
laterally by the center line of the panel on either side of the row of columns 
(Section 1003). Line III gives values obtained by a continuous frame analogy, 
the loading for which was determined by a strip bounded by 45 deg lines to 
give a triangular loading pattern that is compatible with the actual distri- 
bution of loads. Since line III is based on the actual loading pattern, and 


*ACI JourNAL, Jan. Bag 98, Proc. V. 54, p. 579. Disc. 54-31 is a part of copyrighted JouRNAL oF THE AMERICAN 
Concrete InstiTU TE, V. 30, No. 3, Sept. 1958, Part 2, Proceedings V. 54. 

+tMember American Concrete Institute, Gensert, W filliams & Associates, Cleveland, Ohio. 

tTen-story Citizen's Security Garage, Cincinnati, Ohio. 
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Cc 
Fig. A—Typical bent 


since no continuity was assumed with the columns, these values will be as- 
sumed to approach the actual behavior of the lift slab. 

Table B shows the percentage of variance when using either scheme I or 
scheme II compared directly with scheme III. The reader should keep in 
mind that this analysis is typical of square panels—rectangular panels can 
give larger variations. It is obvious that 50 percent of the floor loading when 
applied as a constant uniform load would not produce a correct solution. 

A further need in the design of slabs is to overcome the large deflections that 
seem to prevail in most flat plate floor systems. As an example, the measured 
deflections of a particular unloaded lift slab were approximately twice their 
computed values; however, test loading of the slab yielded increments in live 
load deflections that were compatible with computed values. There may be 
two explanations for this phenomenon, both of which can act simultaneously. 
The first possible cause may be the settlement of the ground floor as a result 
of stacking 8 to 12 slabs of concrete weighing at least 100 psf each, thus causing 
settlement of the ground floor slab and subsequent building-in of deflections 
in the lift slabs. The second possible cause of these deflections may be due 
to a relaxation in the concrete surrounding the columns where high negative 
moments and shear stresses prevail. Addition of a small amount of com- 
pressive reinforcement at center span as well as at the support, plus careful 
placement of negative steel, should help to reduce these deflections. 

Another aspect of design economy that may affect the planning of these 
structures in the United States is the selection of the type of lift slab. A re- 
cent office building that was designed by this office consisted of two slab 
designs for more competitive bidding. They are broken down as follows: 


Design I: Cost—$1.54 per sq ft 
10-in. concrete slabs 
51% |b of reinforcing steel per sq ft 


Design II: Cost—$1.65 per sq ft 
12 in. + 21% in. coffered slab (using 30-in. square pans) 
4 lb of reinforcing steel per sq ft 
Rental and handling of pans 
2-in. topping for underfloor conduit 


It was determined that the cost of the 2-in. topping over a 12 in. + 2% in. 
coffered slab was the same as a 12 in. + 41% in. coffered slab. This cost pic- 
ture is typical only for floors with an underfloor electrical system, otherwise 
the coffered slabs may be more economical for buildings of modest size. The 


economic limitation on the use of coffered slabs in large buildings is based on 
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TABLE A—TABULATION OF MOMENT VALUES IN FT-KIPS FOR BENT IN FIG. A 


Neg. mom. Pos. Neg. mom. Pos. Neg. mom. Pos. Neg. mom. Pos. Neg. mom. 
support moment support moment support moment support moment support 
A A-B B -C Cc C-D D D-E E 


— 65.5 62.8 — 89.0 49 6 — 81.0 49.6 — 89.0 8 
— 50.0 96.8 —156.4 60.6 —122.6 60.6 —156.3 96.8 
— 33.0 67.7 —- 37.4 45.8 - i 6 45.8 — 97.4 7 


TABLE B—VARIANCE BETWEEN METHODS 


Negative mo- Positive Negative mo- Positive Negative mo- 
ment support moment ment support moment ment support 
A B C 


‘ 


9814 percent high 7 percent low 814 percentlow 81% percent high 5) percent high 
5114 percent high 43 percent high |601'4 percent high 32 percent high 59 percent high 


the number of pans that must be rented and on the number that would be 
limited in re-use if the building were multistoried, as well as span and loading 
conditions. 


COLUMNS 


The design of the columns for lift-slab structures is based on the theory of 
elastic stability that has had a classical presentation in various textbooks 
on strength of materials. This elastic stability, or for the most part, in- 
stability, is a problem in local bending that causes the eventual buckling of 
the member. Since structural steel has a great capacity for carrying com- 
pressive loads, and is highly elastic, it has found prominent usage in most 
lift-slab structures. 

Conventional concrete columns have a high compressive strength but lack 
the elasticity required to sustain the local bending stresses caused by buckling 
of the member. For this reason, the future of prestressed concrete columns 
in lift-slab construction should be promising, since prestressing produces an 
elastic member that behaves much like structural steel, and it offers the addi- 
tional advantage of built-in stability from the tensioned steel wires. A cost 
study was made for the two-story Medusa Cement Office Building, Cleveland 
Heights, Ohio, comparing structural steel columns plus fireproofing with pre- 
stressed concrete columns. The cost of each system was the same, averaging 
about $0.56 per sq ft of floor space. However, a five-story office building 
that had a wider spacing of columns averaged out at $0.54 per sq ft of floor 
space for prestressed concrete columns, and about $0.78 per sq ft for steel 
columns plus fireproofing. This indicates that the column as a free or guided 
cantilever may become more economical in prestressed concrete as the column 
height increases. 

The study shown in Fig. B is taken from a recent job and is presented to 
show the effect on cost when columns are unsupported at various points. This 
study was more comprehensive than appears here, and included steel box 
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Bracing — 0.05 


$0.28 per sq ft 


Fig. B—Cost study of supporting columns at various points 
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sections and welded C-shaped sections. The decision to design columns 
braced, partially braced, or unsupported is not entirely obvious, and it shows 
the need for economic studies such as this. These figures do not include the 
cost of base plates, anchor bolts, connections, or contractor’s mark-up as 
did the costs that appeared in the above paragraph. 


CONCLUSIONS 


Although no particular form of construction is a panacea for every building 
type, it is becoming obvious that the lift-slab method has a definite place in the 
construction field. There is a cost advantage in certain types of multistory 
buildings as well as in lower structures, the floor plans of which might be 
irregular and/or curved. 


AUTHOR'S CLOSURE 


Mr. Gensert’s comments on Canadian engineers are most generous. 

I am not sure what he means by “double-tiered columns.” If he means 
columns which are erected a piece at a time, that is to say by having the lower 
floors of steel erected first and then erecting the next four floors and so on, 
then of course the Calgary job in 1954 was of this kind and was earlier than the 
garage at Cincinnati. 

With reference to the use or otherwise of moment coefficients of the ACI 
Code as opposed to frame analysis, I personally feel that the coefficients are 
on the conservative side notwithstanding the results obtained from theoretical 
considerations and analysis. 

Any method of analysis depends on a number of assumptions which are 
made in the first place. Whether one takes a strip bounded by the center 
lines of adjacent bays, or whether one takes strips bounded by the quarter 
points in each bay, or whether one takes any other form of limit for strips, 
the question arises of how much of the load should be taken in each direction. 
Different city requirements vary from taking the full load in each direction to 
say half the load in each direction for equal spans. 

The way in which a flat slab acts in fact does not really depend on any kind 
of lines parallel to column center lines and various attempts were made in the 
early days of flat slab designs to have bending moments circulated along 
diagonals and radially from columns. 

I personally am inclined to the view that the true distribution of stress for 
which one could presumably design a reinforcing system, although it would 
not necessarily be economical or worth while practically, is a system where 
each column takes load from circles of constant stress which vary in shape 
from a circle as they approach the center of the bay. 

On the subject of deflections and cantilevers, we have had cantilevers as 
large as 13 ft, either permanently or during lifting only. The 13-ft cantilever 
was temporary and was a 6-in. slab supported on precast concrete columns. 
The deflection here was exactly as calculated and gave no trouble. On a 9 ft 
6 in. cantilever (temporary) with a 6-in. slab adequately reinforced, on another 
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Fig. C—Cantilever of 6-in. slabs on the 
Childrens Aid Society offices in Toronto 
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job using pipe columns, we had a 
situation where for one reason or an- 
other a crack developed along the 
column line parallel to the edge of the 
cantilever and this caused excessive 
deflection. This cantilever was later 
incorporated, after shoring, with a 
vast-in-place strip as part of an in- 
terior bay. No further trouble re- 
sulted. 


I do not believe that deflections are 
a problem if the concrete is well made 
and if the slab is properly designed. 
The big problem to my mind is the in- 
troduction at columns or near columns 
of small rectangular holes from the 
corners of which radiate cracks which 
can develop seriously and affect de- 
flection. We have attempted at all 
times to impress on contractors doing 
this work to use circular holes rather 
than square holes. We get no cracks 
at all from circular holes. ‘The corner 
action in a rectangular hole is often 
severe and out of all proportion to the 
stress which the area is subjected to. 


Once one gets a cracked section as opposed to_an uncracked section then of 
course one can get troublesome situations. 


Fig. C shows what one can do with cantilevers with a 6-in slab, and I think 


is rather striking. 


The cost figures which Mr. Gensert presented are interesting and are not 


unlike the costs in Canada. 





Disc. 54-33 


Discussion of a paper by George H. Nelson and Otto C. Frei: 


Lightweight Structural Concrete Proportioning 
and Control* 


By PAUL J. FLUSS and EDWARD L. HOWARD, RONALD I. INGVALDSEN 
RALPH W. KLUGE, W. T. NEELANDS, and AUTHORS 


By PAUL J. FLUSSt and EDWARD L. HOWARD 


The experience with Georgia lightweight aggregate, as outlined by the 
authors, and the data are of great interest to the producer as well as to the 
user of lightweight structural concrete. 

Regarding the proposed mix proportioning method the following has to be 
said. 

The authors seem to feel the specific gravity and surface dry condition of 
lightweight aggregates cannot be determined accurately. In our experience, 
using a pycnometer, good reproducible results can be obtained, which check 
with unit weight and yield determinations. 

It is suggested to establish a “specific gravity factor” from a trial mix or 
base mix, for which the enumerated data are required: 

(a) Weights of materials used, which includes the total water and therefore necessitates a 

moisture determination of the lightweight aggregate. 

(b) Air content of concrete. 

(c) Unit weight of concrete. 


It is a well known fact that the unavoidable varying degree of expansion of 
manufactured lightweight aggregate is the reason for the change in specific 
gravity (volume), voids, and therefore absorption, not only from shipment 
to shipment but often also within shipments. A difference in size (volume) 
and voids changes the total water requirement and the air content. For 
these reasons we doubt that a specific gravity factor chart, which is based on 
fixed figures for total water requirement and air content can be used. 

In northern California it is common practice to use three or sometimes even 
four sizes of lightweight aggregate, which are separately batched at the weigh 
hopper. 

In a commercial plant each job mix contains different percentages of the 
various sizes. Therefore the materials on hand are not from the same ship- 
ment or ‘“‘burn.” It seldom happens that new shipments are exactly like the 
last, which is one of the main causes for the variance in volume and voids. 


*ACI JourNaAL, Jan. 1958, Proc. V. 54, p. 605. Disc. 54-33 is a part of copyrighted JourRNAL or THE AMERICAN 
Concrete Institute, V. 30, No. 3, Sept. 1958, Part 2, Proceedings V. 54. 
tMember American Concrete Institute, Testing Engineer, San Francisco Port Authority, San Francisco, Calif. 
, a American Concrete Institute, Chief Testing Engineer, Pacific Cement & Aggregates, Inc., San Fran- 
cisco, Calif. 
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Even if it were possible to use the specific gravity factor chart for a one 
size material, it can be readily seen that the constant change of three different 
sizes would make it impractical. 


In the chapter “Field Control” the authors state that the necessary length 
of time makes it impractical to determine the air content of fresh concrete, 
for which reason its unit weight is used for a routine check of the air content. 
There is no question that this method gives good results with conventional 
aggregate concrete. But as far as lightweight aggregate concrete is concerned, 
we have found that the mentioned changes in volume, voids, and total water 
content have an even greater influence on the unit weight of the concrete 
than its air content. 


The specific gravity factor is an elaboration of our system of quick field 
adjustment. We use the same kind of yield data and derive the new weights 
from a simple slide rule proportion setting. 


We have good success using an air meter of the pressure type when our 
aggregates are saturated. The uniformity of our results depends quite heavily 
on the complete pre-wetting of all aggregate sizes. 


By RONALD |. INGVALDSEN* 


During the past several years Seelye, Stevenson, Value & Knecht has 
designed and inspected many multistory lightweight concrete framed struc- 
tures. Some of these include the Statler hotels in Dallas, Tex., and Hartford, 
Conn., office buildings in New York City, and hotels under construction in 
Florida, Pennsylvania, and Colorado. Since these structures are located in 
different geographical areas of the country, the lightweight aggregates used 
are varied. Of even more significance, the results of the concrete produced 
show a marked variation as to strength and physical properties for a given 
cement factor. This variation of lightweight concrete is due to the difference 
of both the process involved and the nature of the raw material. The range 
of the cement factor for a given strength concrete will vary from 0 to 30 percent 
more cement. é 


With the various strengths and physical characteristics of lightweight 
structural concrete, the most satisfactory approach to the use of a new or un- 
known aggregate is to obtain information from the producer and then to have 
independent tests performed to interpolate or extrapolate the values and 
results. In making a decision as to the aggregate and proportions to be used, 
the engineer should give full consideration to the physical properties and to 
what characteristics may be detrimental to the structure. Studies should 
be made for unexpanded aggregate since the inclusion of such material will 
also have an adverse effect on the structure. I am in agreement with the 
authors as to the value of the crushing strength tests as it affects lightweight 
aggregates. In general it has been found that there is little correlation be- 


*Seelye, Stevenson, Value & Knecht, New York, N. Y. 
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tween the crushing strength of the aggregate and the compressive strength 
of the concrete. The ratio of these tests may vary as much as one to five. 
High absorption, low density, and extreme irregularities of shape are factors 
which must be considered in the determination of the optimum grading. 

Due to the high absorption of lightweight concrete there is a retention of 
hydration water which has been reported by many authorities. This reten- 
tion of the hydration water has an internal curing effect which results in the 
optimum compressive strength being obtained at a later period than 28 days. 
Further investigation would be enlighting and provide valuable information. 

I have noted the absence of tests to determine both the creep and drying 
shrinkage coefficients in this report. These coefficients are important to the 
engineer, especially since lightweight aggregates are beginning to be used 
extensively in prestressed work. It is generally well known that creep and dry- 
ing shrinkage are greater for lightweight concrete than for sand and gravel 
and can range from 5 to 35 percent greater. The exact value for a particular 
aggregate is necessary. 

Recently I had an opportunity to use the authors’ “specific gravity factor”’ 
and was highly pleased with the ease and accuracy of this method. It had 
been a practice of this firm that the adequacy of the design mix must be 
checked and verified in the field as to yield, weights, proportions, and work- 
ability. The testing and verification is made at the beginning of all jobs, 
especially where lightweight concrete is used since it is more sensitive to 
change. I believe that this method will take some of the “mystery” out of 
the proportioning and control of concrete which some engineers and architects 
believe exists. 

As regards field control, there is complete agreement as to the mixing cycle, 
pre-wetting of the aggregate, and control of yield and air content by weight 
tests. I would like to caution against the indiscriminate adjustments to 
slight changes in either weight or air content. These changes can be caused 
by temperature, grading, or density of the aggregates and may differ from one 
batch to another. Once the mix has been established and verified a tolerance 
should be set up for both the wet weight and air content. Changes of the 
design mix should be made only when there is an excessive variation in yield, 
air content, or workability. More problems and resulting poor concrete are 
‘aused by the constant adjustment to slight variations of lightweight concrete 
than is generally recognized. There is no real departure from generally 
accepted theory or practice concerning lightweight concrete, the only difference 
. is in their application and control. 


By RALPH W. KLUGE* 


The authors are to be commended for suggesting a practical control pro- 
cedure for lightweight aggregate concrete mixes. Although it is essentially 
a refinement of other methods of control which depend on frequent checks of 


*Member American Concrete Institute, Professor and Head, Department of Civil Engineering, University of 
Florida, Gainesville, Fla. 
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yield and unit weight of fresh concrete, it is specific and thus provides the 
concrete engineer with a step by step procedure readily followed. 

The data reported in Tables 3 and 4 show, in general, a remarkably con- 
sistent relationship among the variables studied. The writer therefore won- 
ders why the average values were not plotted on the various graphs. Such a 
presentation of data indicates at a glance the degree of uniformity of the 
concrete produced and the care exercised in the conduct of the tests. 

Since bond and shear test data have in many other studies been notoriously 
erratic, conclusions drawn from the average of two tests seem questionable. 
The writer believes that at least five like tests are necessary to establish a 
reasonable average value for bond and shear. 

Although the study is concerned with a particular expanded shale product 
it is a valuable addition to our general knowledge of the properties of struc- 
tural lightweight aggregate concrete. 


By W. T. NEELANDS* 


The authors have made a valuable contribution to the technology of light- 
weight aggregate concrete in offering a relatively simple method of accurate 
proportioning. I was impressed by the marked similarity in the authors’ ap- 
proach to one which evolved during a lightweight concrete ship building pro- 
gram with which I was associated during World War II. We soon came to 
recognize that it was unimportant to know the weight of absorbed water in 
pre-wetted aggregates and we used essentially the same method as described 
by the authors to proportion the mix to start a placement. 

I am in agreement that it is difficult to determine the surface-dry condition 
of lightweight aggregate and further that it isn’t really necessary. However, 
and only because of a requirement by the Maritime Commission that the net 
w/c be determined and reported for each production test batch, we could not 
dispense with determining specific gravity and absorption. By cut and try 
methods we developed a procedure that proved reasonably accurate. It 
may be of academic interest. 

Samples of each aggregate fraction were obtained from each production 
test batch and sealed temporarily in airtight waxed containers to be tested 
after the concreting was complete and technical staff was available. The 
samples were split, and one-half was used for determination of gross moisture. 
The other half was boiled in water for 30 min to accelerate absorption. This 
treatment resulted in the approximate degree of absorption obtained with a 
week of inundation in cold water, sufficient to assure against additional ab- 
sorption taking place while the sample was next being weighed in a pycnom- 
eter. A surface-dry condition was then obtained quite easily and accurately 
on the coarse aggregate fractions by blotting with diaper cloth. For the fine 
aggregate, after considerable experimenting, the sample was stirred con- 


*Member American Concrete Institute, Concrete Engineer, Sverdrup and Parcel International Engineering, 
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TABLE A—COMPUTATIONS FOR W/C AND CEMENT CONTENT 


Formula 


Batched weights, lb 1116 1200 a - 659 (6512) 


As tested (Gross percent moisture r.2 i.0 

b (a + (100 +b) Gross moisture, lb 61 84 56 305 
a-c Bone dry weights, lb 1045 1116 7 

As tested Bulk specific gravity 2.566 1.809 

62.4 Xe Factor 160.1 112.8 

d +f Cu ft 6.53 9.91 


As tested Percent absorption complete 2.6 11.1 


d Xh Absorption, lb 27 124 
Sum of g Yield if no absorption took place 
Sum ofa + Unit weight if no absorption took place 
d —i Net HO with complete absorption, lb 
1 + 62.4 HO with complete absorption, cu ft 
j — ( — m) Concrete with complete absorption, cu ft 
Suma +n Unit weight of concrete with complete absorption, lb 
As tested Actual unit weight of concrete, Ib 
p -p Unit weight of solid volume (assume 1 percent air void), lb 
: Percent of actual complete absorption in batch 
HO absorbed in batch, Ib 
H2O absorbed in batch, cu ft 
Net HO in batch, Ib 
+ cement Net w/c 
t Yield by specific gravity, cu ft 
Suma +q Yield by unit weight, cu ft 
Cement factor (designed sacks per cu yd 


tinuously on a hot plate until the finer particles just ceased to cling to the 
polished blade of a spatula when it was passed through the sample and turned 
vertically. After weighing in air, then weighing in a pycnometer, then drying 
to constant weight, and re-weighing in air, the data were at hand for comput- 
ing bulk saturated specific gravity, bulk dry specific gravity, and percent of 
absorption which we designated complete absorption. 

These factors were then used in the computations shown in Table A. It 
may be seen from the typically close agreement between yield determined by 
measured unit weight and that calculated from the determined specific gravity 
and absorption factors that the absorbed water was separated from the net 
water within reasonable accuracy. Perhaps I should emphasize that I con- 
sider determination of the net water requiring such elaborate testing totally 
unnecessary for the proper proportioning and control of lightweight concrete. 

We did not use entrained air in this concrete, thus, one of the variables 
associated with lightweight concrete was not present. Nevertheless, it was 
not uncommon for the unit weight to vary by 3 percent or more during the 
period of a single large placement (800 to 1200 cu yd) due entirely to varia- 
tions in what would be the authors’ “specific gravity factor.”” We used a 
correction chart similar to Fig. 4, and controlled the yield during the course of 
the placement by measuring the slump and unit weight of every tenth truck 
load at the placing site, and adjusting the total batched weight of aggregates 
and water accordingly. Twenty to thirty weight changes were not unusual. 
Control of aggregate processing was admittedly bad. 

This brings us to one point in the paper on which I would offer criticism, 
It is stated on p. 620: 

“The length of time to determine the air content of fresh concrete by the rolling meter 
method is impractical during fast operations at the plant. Therefore, for routine check- 
ing, the unit weight of the concrete is used as a check on air content. A certain weight 
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is set for a given mix and the amount of air-entraining agent is adjusted periodically to 
obtain that weight. The actual air content is then checked at infrequent intervals or 
if a change of yield occurs”’ [writer’s italics]. 


The meaning of the last phrase is puzzling because any change in unit weight 
affects the yield, and I presume the intended meaning is ‘or until a change in 
the specific gravity factor is suspected.”” Obviously, until the air content is 
determined it could not be known whether a variation in unit weight was 
caused by a change in the entrained air or the specific gravity factor. The ad- 
visability of changing the dosage of air-entraining agent to hold the unit 
weight and yield constant must be questioned, since 1 percent change in the en- 


trained air would have a much greater effect on most structural mixes than 
would a change of 1 percent in the cement factor. I think changing the dosage 
to maintain constant weight could be justified only after abundant data 
proved that variation in air with a given dosage was frequent and of much 


greater magnitude than variation in weight due to change in the specific 
gravity factor. Then I would question the advisability of checking the air 


” 


only at “infrequent intervals. 


We normally used pre-wetted aggregates in the ship program at the in- 
sistence of the surveying agency, but we did considerable experimenting with 
batching the coarse aggregates dry and arrived at the conclusion that where 
the time between mixing and final deposition into the forms can be controlled 
within a relatively narrow range, as it may be in many applications of struc- 
tural concrete, there are several real advantages to be gained. 

1. A substantial increase in the compressive strength is due probably to the con- 

tinued absorption after placement. 

2. A substantial and apparently permanent reduction in the unit weight is obtained. 
Specimens cast of concrete made with aggregate batched dry remained 4 lb per cu ft 
lighter after a year of inundation than did companion specimens with the aggregate 
prewetted. 


3. We observed a marked lessening of an abrupt but temporary retrogression in 
tensile and flexural strength common to lightweight concrete after moist curing has been 
removed. Evidently the cause of the retrogression in strength is development of tension 
in the outer fibers as the moisture distribution becomes unbalanced. It follows that the 
probable cause of the reduction in the strength retrogression is that there is a lesser 
amount of internal absorbed water available to react against the drying of the outer 
portion. 


When batching aggregates dry it was found advantageous to first mix 
the cement and water in a slurry, then add the aggregates. The initial rapid 
suction of the aggregate quickly pulls the cement paste into the outer vesicles, 
sealing them so as to retard the rate of further absorption. Sufficieut water 
should be batched so that concrete arrives at the placement with the slump 
still somewhat on the high side in order that placement can be completed be- 
fore the last of the load becomes too stiff. 
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AUTHORS’ CLOSURE 


The authors appreciate the separate discussions offered. The fact that four 
separate discussions were received strongly indicates the current interest in 
the subject. 

There is no divergence of opinion between the authors and Mr. Ingvaldsen’s 
discussion and we are pleased that he has had an opportunity to use the pro- 
posed design method in lightweight structural concrete application. We agree 
that additional data on drying shrinkage and creep is needed, not only on 
lightweight concrete, but also on normal weight concrete. Studies of this 
nature are planned by the authors in the near future and results will be re- 
ported when determined. 

With regard to Mr. Kluge’s question concerning plotting of points, it was 
felt that the time available before publication date was not sufficient to permit 
revision of all graphs submitted and that if any reader were sufficiently in- 
terested, all the data were available in the tables included in the report. We 
agree this would have been desirable. 

We also feel that the more tests which are conducted on any specific phase 
of a study the greater the value. The volume of each batch of concrete was 
only sufficient to mold the number of specimens used and larger facilities 
were not available to the authors at the time of this investigation. 

With regard to Mr. Neeland’s discussion concerning “or if a change in 
yield occurs”’ a better wording might have been “or if a change in unit weight 
beyond the tolerance established occurs.”” This shows that a change of yield 
has occurred and that it is due to either « variation in air content or in specific 
gravity factor. Therefore, an air content is required to determine whether 
the variation in unit weight is due to a change in air content or a change in the 
specific gravity factor or both. 

We have a few comments on the discussion by Messrs. Fluss and Howard. 
The authors do feel that to determine the exact specific gravity of partic- 
ularly the fine aggregate is an exacting and time consuming process. We 


would prefer to calculate the specific gravity factor on any combination of 
aggregates in a concrete mix for the purpose of achieving desired yield than 
to attempt to determine the saturated surface dry specific gravity and ab- 
sorption on each individual size or type of aggregate used in the mix. If 
the variations are as substantial and occur with the frequency expressed, we 
are unable to understand how the true specific gravity could be of any value. 


We do not have enough details covering the variations in the particular 
aggregates, total water, unit weights, air contents, etc., which are described 
to intelligently discuss the problems outlined. It may be possible that the 
aggregates used by the authors and those used by Fluss and Howard are quite 
dissimilar. 

The autiiors are pleased that the ACI Committee 613 subcommittee on 
lightweight structural concrete proportioning has adopted in principle the 
specific gravity factor method as a tentative recommended practice. 





Disc. 54-35 


Discussion of a paper by W. J. McCoy, R. J. Sweitzer and M. E. Flentije: 


Study of Concrete Pipe in Service® 


By BAILEY TREMPERT 


As a result of chemical analyses of specimens from five concrete pipe con- 
duits carrying water under pressure, the authors have concluded that, ex- 
cept for a very thin inside layer, no appreciable leaching of lime has occurred. 
The writer believes that this conclusion should be accepted with some reserva- 
tion in the case of the pipe at Portland, Me., which carries a fairly aggressive 
water as indicated by its pH vaiue of 6.7. 

Referring to the data in the jower portion of Table 4, it is seen that the per- 
centage of CaO is 61.0 percent, which value is somewhat lower than would be 
expected in typical portland «cement. It seems probable that the original ce- 
ment contained at least 64 percent CaO. If this assumption is correct, a 
reduction of 3 percentage points or 4.7 percent of the CaO originally present 
in the cement, is indicated. The reasonableness of this assumption may be 
checked by another method 

A paper, “The Effect of Acid Waters on Concrete,” by the writer, was 
published in 1931.f One of the conclusions reached was that on exposure to 
flowing water having a pH |ower than about 7, concrete suffered a loss in lime, 
with accompanying loss in strength, uniformly throughout the body of the 
concrete to a depth of at least 15 in. from the surface, in addition to a severe 
attack extending about 1/16 in. from the surface of exposure. Loss of lime was 
found to be related to time in accordance with an exponential equation which 
for convenience, was expressed as follows: 


log L = K log T. 
where L = proportion of original lime lost by leaching 
T = time of exposure 
AK = aconstant, the value of which is dependent on the pH of the water, the ratio 
of the exposed surface of the concrete to its volume, and the quality of the 
‘oncrete 


Assuming that the concrete of the Portland pipe was of good quality, the 
value of K for this installation has been computed by the methods described 
in the paper to be 0.255 when L is expressed in percent and T in days. The 
expected loss of lime at the age of 1100 days (3 years) can be computed by 
means of Eq. (1) as follows: 


*ACI Journat, Feb. 1958, Proc. V. 54, p. 647, Disc. 54-35 is a part v4 copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 30, No. 3, Sept. 1958, Part 2, Proceedings V. 5 

tMember American Concrete Institute, Superv ising Materials and ini Engineer, California Division of 
Highways, Sacramento, Calif. 

tTremper, Bailey, ‘“The Efiect of Acid Waters on Concrete,"’ ACI JourNnaL, Sept. 1931, Proc. V. 28, pp. 1-32. 
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log L = 0.255 log 1100 = 0.775 
L = 6.0 percent 


This value is in reasonable agreement with the value of 4.7 percent as de- 
rived from the authors’ data. (It is only necessary to assume that the originai 
cement contained 64.9 percent CaO or conversely, that the computed value of 
K is slightly lower, to provide a flat check.) 

Since this loss of lime occurred in a period of 3 years, it is apparent that 
leaching could have serious effects if it continues at the same rate for a period 
of 20 to 25 years. In the paper to which reference is made above, the writer 
presented data relating reduction in compressive strength to loss of lime. From 
the curve shown, it can be estimated for example, that a loss of 20 percent in 
compressive strength results from a loss of 15 percent in CaO. 

Eq. (1) can be used to estimate the time required for a loss in CaO of 15 
percent. Let it be assumed that the loss in lime after 3 years was 6.0 percent, 
‘the higher of the two estimates and therefore the more severe. In this case 
the value of K is 0.255. Eq. (1) may be written: 


log T = —— 


= 40,700 days = 112 years 


This estimate leads the writer to conclude that the Portland pipe line 


should serve for a great many years without serious impairment in strength 
despite the apparent finding that a measurable loss of lime has occurred during 
its first 3 years of service. Examination of the test data of the specimens 
from the remaining four pipe lines indicates that they should be even more 
immune to significant deterioration resulting from loss of CaO. 





Disc. 54-36 


Discussion of a paper by Tung Au: 


Ultimate Strength Design of Rectangular Concrete 
Members Subject to Unsymmetrical Bending® 


By KUANG-HAN CHU and A. PABARCIUS, S. CONSTANTINESCU- 
CATUNESTI, and AUTHOR 


By KUANG-HAN CHUf and A. PABARCIUST 


Professor Au is to be congratulated for his contribution to this timely 
subject. In the following discussions, the writers would like to clarify some 
of the points which the author did not amplify. 

1. Definition of k;—According to the ACI-ASCE committee report! k, is 
defined as the ratio of the average compressive stress to 0.85/f.’.. The identical 
definition is also used by the author. According to this definition, for a trap- 
ezoidal stress distribution on a compressive area of triangular shape 


9 


(See Fig. A) 


With «, = 0.85f.’/E., E. = 1000f.’, €, taken as 0.003, we have k; = 0.743, 
which is far from the value of 0.85 as recommended by the author. The 
author’s k;, however, could be defined as the ratio of d; to dz (see Fig. B) 
where 

d, = distance from the extreme corner in compression to the inner edge of the stress 
block represented by a right prism whose centroid coincides with the centroid of the 
actual stress block 

dg = distance from the extreme corner in compression to the neutral axis 


If k, is defined as above, then it can be proved that the author’s recommen- 
dation is approximately true. (For the case of a triangular base see Fig. B. 
For the case of a rectangular base, see the ACI-ASCE committee report.! 
Other cases lie somewhere in between.) 

The equivalent stress block—Theoretically, it can be shown that the 
height of the assumed stress prism will be different from 0.85f,’ if the centroid 
of the assumed stress block of uniform intensity is made to coincide with the 
centroid of the actual stress distribution. On the other hand, if the height 
of the stress prism is assumed to be 0.85f.’, then the centroid of its base will 
be different from that of the actual stress distribution. The above con- 


*ACI JourNnat, Feb. 1958, Proc. V. 54, p. 657. Disc. 54-36 is a part s copyrighted JouRNAL OF THE AMERICAN 
Concrete Institute. V. 30, No. 3, Sept. 1958, Part 2, Proceedings V. 

tMember American Concrete Institute, Associate Professor, RF of Civil Engineering, Illinois Institute 
of Technology, Chicago, Ill. 
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V = Volume of stress block 
(Trapezoidal Distribution) 


a | L © > 
= FAB (EE) *5 (I~ EF + £4) 





where 6 €,= 0,85f8 


For E,= 1o0of! , €,4= 0,003 


V = 0,370 ( €,E,) AB 





Fig. A 


clusions are manifested by the fact that there are three equilibrium condi- 
tions which would determine three unknowns: namely, the height of the 
prism, and either two dimensions of its base or two coordinates of the centroid. 

However, according to the author, from the three equilibrium equations 
only two unknowns were involved. This is because the height of the stress 
block is taken as 0.85f,’ and the author is solving for the dimensions of the 
equivalent stress block whose centroid is made to coincide with that of the 
actual stress distribution. According to the above discussion, the total 
compressive force, as represented by the equivalent stress block, and the 
actual stress distribution could not possibly be equal. Fortunately, for 
rectangular sections, the author’s assumption was found to be approximately 
correct. (For example, see Fig. B for the case of a triangular-shaped com- 
pressive area. ) 

Also, it should be noted that if one tries to solve for g from Eq. (1) and 
substitutes into Eq. (2a) or (3a) to obtain g,, the results will be much different 
from the g and g, solved from Eq. (2a) and (3a). To obtain satisfactory re- 
sults, Eq. (2a) and (3a) should be used as recommended by the author. 

3. Skew of neutral axis—The edge of the equivalent stress block is not 
necessarily parallel to the neutral axis. However, the ratio of d; to d, as de- 
fined above is probably not far from the true value. 


4. Centroid of tension steel—The assumption which the author used for 


tension steel should be used with caution. If a line of tension bars is consid- 
ered as a rectangular strip of length a, if the strip has one end at the neutral 
axis and the other end away from it, and if the maximum stress is below 
yielding point (i.e., fully elastic), then it can easily be seen that the point of 
application of the resultant tensile force is at 2 a/3 from the neutral axis; 
not at the centroid of the bars which is at a/2 from the neutral axis. 

5. Loading and actual strain—Basically the author’s method, as well as 
the methods recommended by the ACI-ASCE committee, are based on static 
equilibrium conditions. The compatible condition involving the ultimate 
strain was assumed to be satisfied in determining the approximate value for 
ky. However, if the given loading is less or more than the ultimate strength of 
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If the centroid of the triangular 
area, ab/2 , is made to coincide 
with the trapezoidal stress 
distribution as shown in Fig, A, 
then 











1~r* 


~Seict 
b= 380-3 





cs aig 
V' © Volume of the equivalent stress block = AB 6c€ (—; 
32 €\;- 73 


For 6, = 0,85f) , E, = 1000f, and €,= 0,003 , we have 
a=0,875A , b= 0,875B , and V' = 0,382 ( €,5,) AB 


Fig. B 


the section, then the author’s method fails as the approximate value of /;, 
will be greatly in error and one would not know the final strain caused by 
this kind of loading. 

6. Scope of application—It should be pointed out that although the author’s 
method of obtaining the equivalent stress block has been proved successful 
for rectangular sections, the method should not be applied directly to other 
kinds of sections unless it can be verified. 


By S. CONSTANTINESCU-CATUNESTI* 


Although the paper by Professor Au is entitled “‘Ultimate Strength Design 
of Rectangular Concrete Members Subject to Unsymmetrical Bending,” 
the development applies only to compressive forces. The scope of that dis- 
cussion is to generalize the method for tension forces in the like manner. In- 
deed, Eq. (2) and (3) are the same when a force P,, is placed from the side of 
tension, with the difference that P, multiplies (e,’ — r,) and (e,’ — r,), 
respectively, and Eq. (1) remains 


P,, = 0.85 f.’ bg + A.’ fy — Ache 


At ultimate strength the compressive reinforcing may or may not reach 
yield point, but the tensile reinforcing is stressed to yielding, then the ca- 
pacity of the members is controlled by tension. The additional compatibility 
equation is not necessary. 


*Professor for Reinforced Concrete of the Rumanian Institute for Railway Engineers, Bucharest, Rumania. 
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In the case of tension P,,, the areas of bars should be such that the centroid 
of the reinforcing bars should be located in the tension zone. Thus it is 
necessary to use a larger diameter for the bars in tension. The bars near the 
neutral axis can be ignored in the computation and they should be of the 
same diameter as the bars placed in the compressive zone. If the eccen- 
tricities are small, the section is controlled only by tension and the compressive 
block is very small or nonexistent. 

Eq. (4), (5), and (6) would be the same form as shown by Professor Au, 
with the difference that in Eq. (4) P, becomes positive, in Eq. (5) and (6) 
the final parenthesis becomes, respectively 


The same changes are to be fulfilled in Iq. (11), (12), (13), (14), (15), (16), 
and the final group Eq. (21), (22), (23), (24), (25), and (28). The constants 
for the charts are to be computed accordingly. 


, 


— henge 
x Fig. C—Multistory frame 


The possibility for considering the case of tension with unsymmetrical 
bending occurs in certain types of multistory framed structures of reinforced 
concrete* as shown in Fig. C. 


Numerical example 


Design a column for an eccentric load P, = 120 kips acting on the side of 
tensions at e,/ = 10.82 in. and e,’ = 65.85 in., using f, = 40,000 psi and f,’ 
= 3000 psi. 

The section is the same as ¥ig. 1 with 14 bars arranged as shown in the 
figure. The spacing between the bars, the distance from the center, and all 
other numerical characteristics are the same. The seven tensile bars are of 
1.6-in. diameter (that is equivalent to the metrical diameter of 40 mm); the 


*Constantinescu-CAtunesti, S., “Cadre in spatiu (Structuri in cadre multiple, etajate si incrucisate fara stflpi 
interiori la parter),’’ Revista Probleme Feroviars, Aug. 1955. 





ULTIMATE STRENGTH DESIGN—UNSYMMETRICAL BENDING 1257 


other seven are of 54-in. diameter but only five should be considered as com- 
pression bars. 

It follows that p = 14/(20 K 25) = 0.028; p’ = 2.45/(20 & 25) = 0.0049; 
m = 15.7; m’ = 14.7; pm = 0.028 X 15.7 = 0.438; p’m’ = 0.0049 X 14.7 
= 0.072. 

The distances d,, d, remain the same. 

From Eq. (5) and (6) or with the chart in Fig. 4, C; = 0.281 and Cy, = 
0.0453, from which g = 6.86 in. and g, = 3.34 in. The neutral axis is located 
as in Fig. 1. 

From Eq. (4) one obtains C, = 0.4408 and Eq. (la) gives f, = (0.4408 x 
40,000) /0.438 = 40,000 psi. It is to repeat the same considerations about the 
yielding of the tensioned bars and complete the given example. The rein- 
forcing percentage is: (14 + 2.45)/(20 K 25) = 3.29 percent. 


AUTHOR'S CLOSURE 


The discussion by Dr. Chu and Mr. Pabarcius has amplified the scope and 
the limitations of the method when the assumptions of the report of the 
ASCE-ACI committee on ultimate strength design are extended to the de- 
sign of members subject to unsymmetrical bending. The choice of 0.85f.’ 
for the height of the equivalent stress block whose centroid is made to coincide 
with that of the actual stress distribution is intended to simplify the solution 
of the problem. This can be justified only for rectangular sections as it has 
been demonstrated in the discussion, which has also clarified the definition 
of k,, the size and centroid of the stress block, and the skew of the neutral 
axis. 

The assumption that the centroid of the tensile bar group can be consid- 
ered as the point of application of the resultant tensile force is possible only 
if engineering judgment is exercised in selecting the location of reinforcing 
bars. A word of caution is in order to warn against extending such assump- 
tion too far, and a check can always be made by the equations given in the 
paper. On the other hand, the assumption that, under static equilibrium, 
the compatibility condition is satisfied can be used for practical purposes. 
The author agrees, however, that except for truly balanced design, it may 
be more desirable to establish a semi-empirical relation based on experimental 
results. 

Prof. Constantinescu-Catunesti has extended the method to the solution 
of tensile force located eccentrically in both directions. The discussion has 
indeed widened the scope of application of the method. It should be em- 
phasized, however, that if the eccentricities are small, the entire section will 
be in tension and these formulas do not hold. In that case, tensile reinforce- 
ment must be provided throughout the section. 


The author thanks the discussers for their constructive criticism and sug- 
gestion. 








Disc. 54-37 


Discussion of a paper by M. F. Kaplan: 


Compressive Strength and Ultrasonic Pulse Velocity 
Relationships for Concrete in Columns* 


By kK. JONES, J. D. McINTOSH and W. E. MURPHY, and AUTHOR 
By R. JONEST 


Dr. Kaplan is to be congratulated on the way in which he has applied the 
ultrasonic pulse method to assess the strength of in situ concrete. His results 
show that, with a full knowledge of the type of concrete mix in the structure, 
a reasonable assessment of the strength can be obtained and an even better 
assessment of its variability. The tendency to underestimate the strength 
from the pulse velocity technique is in line with previous experience although 
it is surprising to find that the underestimate is so large (17-39 percent) when 
using a pulse-velocity/strength relation based on laboratory water cured 
specimens. 

Dr. Kaplan’s results clearly emphasize that the major problem in the in- 
terpretation of pulse velocity measurements is to find the best means of ob- 
taining the pulse-velocity/strength relation. The relations given by site 
cubes, laboratory cubes, and cores are all different and it is easy to raise 
objections to the use of any one or other of these relations. In the first place, 
there is a growing tendency to distrust pulse measurements made on short 
path lengths of 4 and 6 in. due to variability of the results. Some of Dr. 
Kaplan’s own unpublished work, carried out in England at the Road Research 
Laboratory, suggested that there was a much better correlation between 
the average pulse velocity measured through a 20-in. path length in a 20 x 4 x 
4-in. beam and the compressive strength of equivalent cubes than between 
the pulse velocity and strength of 4-in. cubes. Furthermore, the pulse velocity 
in the length direction averaged about 3 percent lower than in the width 
dimension, the discrepancy being attributed to anisotropy of the concrete. 
In addition to this variation, there were also systematic differences between 
measurements made in the length direction near the top and bottom of the 
beam as cast. It would seem logical to seek a path through a specimen which 
corresponds most closely to the path through the structural concrete. This 
is difficult because the walls of the mold are likely to cause local differences 
within the specimen which may affect the pulse velocity but not the com- 
pressive strength. In Dr. Kaplan’s experiments on columns 9 in. thick it 


*ACI Journat, Feb. 1958, Proc. V. 54, p. 675. Disc. 54-37 is a part br copyrighted JouRNAL oF THE AMERICAN 
Concrete Instirutre, V. 30, No. 3, Sept. 1958, Part 2, Proceedings V. 
tRoad Research Laboratory, Department of Scientific and Industrial Rihied h, Harmondsworth, England. 
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would seem that, apart from effects due to walls of the mold, a 6-in. cube 
should give a reasonable approximation. 


Dr. Kaplan has shown that the use of site-cured cubes to provide the 
pulse-velocity/strength relation can offset some of the errors inherent in 
using water cured laboratory cubes, i.e., effects of curing and differences of 
moisture content. However, a criticism can be levelled at the use of site 
cubes in that they were presumably tested in a dry condition whereas the 
operative standard (B.8.1881) requires them to be tested in a wet condition. 
The compressive strength is itself a purely empirical criterion and the mode 
of failure of a cube is by no means simple as Dr. Kaplan and I have endeavored 
to show.* The effect of moisture content on the failure of a cube is such that 
drying the cube tends to provide an overestimate of the compressive strength 
which would tend to reduce the discrepancy in the results between site cubes 
and laboratory cubes (shown in Fig. 11). 


The results given in Fig. 13 are misleading because the pulse velocity 
through the 9-in. path length in the column is compared with the compressive 
strength of cores from the column which varied in length between 4 and 7!5 
in. It would appear preferable to plot the pulse velocity in the cores against 
their compressive strength; on the basis of Fig. 9, the results would then have 
been brought into better agreement with the cube results (Fig. 11). Dr. 
Kaplan has suggested that part of the discrepancy between pulse velocities 
in cores and columns is due to a difference in moisture content and that the 


remainder is due to the cores not being fully representative of the columns. 
On the basis of the results, it would seem that the cores themselves are not 
truly representative of the columns and, in-fact, provide an overestimate of the 
strength. 


In spite of these criticisms, Dr. Kaplan’s paper is a valuable contribution 
to our knowledge of nondestructive testing especially as applied to in situ 
concrete. 


By J. D. McINTOSHf and W. E. MURPHY 


Dr. Kaplan has drawn attention to a number of the problems encountered 
in trying to estimate the quality of the concrete in a structure from the re- 
sults of a nondestructive test and we are glad to see that he has attempted to 
resolve some of the difficulties. However, we feel that it would be unwise to 
generalize too broadly from the results he has obtained because of certain 
limitations imposed by his approach. 


The strength of the concrete in the structure has been assumed, quite 
reasonably, to be that of a core cut from it. Unfortunately, the cutting, 
‘apping, and testing of cores is a difficult process to carry out consistently 


*Jones, R., and Kaplan, M. F., “The Effect of Coarse Aggregate on the Mode of Failure of Concrete in Com- 
pression and Flexure,’’ Magazine of Concrete Research (London), V. 9, No. 26, 1957, pp. 89-94. 

+Member American Concrete Institute, Concrete Department, Research and Development Division, Cement and 
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and Dr. Kaplan said on p. 678 that the core strengths he obtained from the 
same column in some cases varied considerably. Recent experience has 
shown that it is especially difficult to cap cores of high strength concrete 
effectively. This may be the cause of the relatively poor correlations be- 
tween the strength of cores and cubes, given in Table 3, for the richer mixes. 
Furthermore, the relationship given in B.S. 1881:1952 by which the equivalent 
strength of a cylinder with a height/diameter ratio of 2 is converted to the 
equivalent strength of a cube is nominal and perhaps leads to a lack of corre- 
spondence in strength which might not have been found if Dr. Kaplan had 
‘ast and tested cylindrical specimens, as well as cubes, and used these results 
in his analysis. These results might also have given a guide to the importance 
of any lack of compaction of the concrete in the cores; there is no indication 
of this because neither the original test results nor data such as the density 
of the specimens are given in the paper. The workability of the concrete 
used might have been more helpful to the reader in this respect than the 
water /cement ratio given in Table 1. 

In our experience, the reproducibility of pulse velocity measurements on 
concrete made with aggregate of 34 in. nominal maximum size is rather poor 
if the path length is less than about 10 or 12 in. and several readings must be 
taken on any one specimen to get a dependable average result. As the path 
lengths on which the results in the paper are based ranged from 4 in. for cubes 
and some cores to 9 in. for the columns, it seems that many more readings 
should have been taken to obtain reliable relationships. 

We cannot see the justification for drawing such sharp curves through 
the points for pulse velocity through one type of specimen plotted against that 
through another in Fig. 8 and 9 any more than in Fig. 10 and 11. On the 
other hand, there is definite evidence that the relationship between pulse 
velocity and compressive strength is not a straight line, although we agree 
that there is probably insufficient evidence to plot anything other than straight 
lines in Fig. 12 and 13, but a nonlinear relationship would probably have been 
found if both pulse velocity and compressive strength had been determined 
on a series of specimens tested at several ages. As it is, the plotted lines 
appear to be effectively straight lines joining two pairs of points, representing 
mixes with different water/cement ratios and, as it happens, tested at some- 
what different ages. 

It is unfortunate that the ranges in pulse velocity through the different 
types of specimen made from one mix are so different that there is not one 
line of results in columns 3, 4, and 5 of Table 4 in which all three results are 
obtained by interpolation from the lines plotted in Fig. 12 and 13 rather than 
by extrapolation. Some of the strength ratios are therefore likely to include 
greatly magnified errors if the true relationship in the figures is a curve and 
not a straight line. It seems to us that Table 4 gives only part of the infor- 
mation required to assess the suitability of the various tests for estimating 
the strength of the concrete in the columns; the other part involves the varia- 
tion in individual test results which go to make up the average relationships 
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quoted in Table 4. It would be useful, therefore, if the original results could 
be examined to provide confidence limits for the estimates based on the dif- 
ferent methods of test. 

We would be interested to have Dr. Kaplan’s comments on the following 
approach to the measurement of pulse velocity for the control testing of a 
series of similar units—columns, for example—made from nominally the same 
mix. It is aimed at satisfying the traditional approach where an engineer 
will accept the concrete in the structure if the cube strength, obtained under 
standard conditions, is above the specified minimum and if there are no 
obvious defects. 

Several cubes are made from representative samples of batches of concrete 
used in the first few columns and stored under the standard conditions; the 
position in the columns of the rest of the concrete from these batches is noted 
and particular care is taken to ensure that it is compacted fully and cured 
adequately. The cubes are crushed at various ages, from 2 or 3 days to be- 
yond the specified age, and pulse velocity measurements are taken through 
the corresponding batch of concrete in the columns at the same age in at 
least 12 random positions. The average pulse velocity for one set of readings 
is plotted against the cube strength and the relationship established giving the 
average pulse velocity corresponding to the minimum cube strength. During 
the construction of subsequent columns, the pulse velocity can be measured 
at similar ages and, if desirable, for a greater proportion of concrete, and 
compared with the results previously obtained to see whether any concrete 


appears to be sub-standard. By this method, one could obtain an early 
indication of inferior quality whether .it be due to faulty mix proportions, 
lack of compaction, or inadequate curing. 


AUTHOR'S CLOSURE 


The author wishes to thank Dr. Jones for his contribution to the discussion 
on this paper. It is hoped that the results of work carried out by the author 
regarding the relationship between compressive strength and pulse velocity, 
measured through a 20-in. path length in 20x 4.x 4-in. beams and through 
4-in. cubes, will be published in the near future. The author does not con- 
sider the fact that the site cubes were tested in a dry condition, and there- 
fore not in accordance with B.S8.1881, to be relevant. The emphasis was 
on an attempt to get a pulse velocity-strength relationship which may be 
used to obtain an estimate of the strength of the concrete in the structure. 

In regard to Fig. 13, the compressive strengths of the cores from the col- 
umns have been, as stated in the paper, converted to the equivalent 6-in. 
cube strengths and the effect of variations in the length of the core has there- 
fore been taken into account from the strength point of view. The pulse 
velocity in the columns was plotted against the core strength to ascertain 
whether velocity measurements on the columns were in fact an indication 
of the actual strength of the concrete in columns. The lengths of the cores 
were not equal to the full 9-in. thickness of the columns and, because of this, 
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it was stated in the paper that the cores were perhaps not fully representative 
of the concrete in the columns. It is, however, not clear on what grounds 
Dr. Jones expresses the view that the cores are not truly representative of the 
columns and in fact provide an overestimate of the strength. As shown in 
Fig. 6, although the strength of the cores was greater than that of the site 
cubes they were in general of lower strength than the laboratory cubes. 

Messrs. McIntosh and Murphy may well be correct in suggesting that the 
difficulties in effectively capping the cores of high strength concrete account 
for the relatively poor correlations between the strength of cores and cubes 
for the richer mixes, as indicated in Table 3. The suggestion that cylindrical 
specimens, as well as cubes, should be cast for strength comparisons is a good 
one and is being adopted. 

The pulse velocities for each of the cube specimens and cores were the 
average of four determinations. In the columns, the velocity at any particular 
locality was the average of three pulse velocity measurements. The reproduci- 
bility of the results was considered to be satisfactory. It is well known that, 
for pulse velocities and compressive strengths covering a wide range, their 
relationship is not linear. In Fig. 12 and 13 the data cover relatively small 
ranges in strength and velocity and the straight line probably forms just a 
portion of a more comprehensive relationship which is nonlinear in its en- 
tirety. For the data given the straight line relationship is considered to be 
justifiable. The strength ratios given in Table 4 are clearly applicable only 
to the data obtained in the investigation, hence the reason for not extra- 
polating. 

There may be considerable merit in the suggestion that a calibration curve 
for compressive strength of cubes, stored under standard conditions, and pulse 
velocity of the same concrete, fully compacted and adequately cured in 
columns, be obtained and used to interpret pulse velocity measurements on 
other columns. There are, however, likely to be difficulties, e.g., mixes con- 
taining a greater proportion of aggregate than that specified may give the same 
pulse velocity but have lower strength. Faulty mixes which have aggregate- 
cement ratios larger than that specified may therefore not be detected; on 
the other hand richer mixes may have low velocities but not necessarily lower 
strength. Concrete in a wet state may also have higher velocities, but not 
necessarily higher strength, than concrete in a drier state. An objection to 
the proposal of Messrs. McIntosh and Murphy is however that velocity 
measurements would be used to indicate the potential strength of the concrete 
in the structure, had it been cured under standard conditions, and will not 
necessarily give an indication of the actual strength, an objective at which the 
author is aiming. 
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Discussion of a paper by S. J. Chamberlin: 


Spacing of Spliced Bars in Beams* 


By D. WATSTEINt 


The data in Professor Chamberlin’s paper are a valuable addition to his 
two previously published papers dealing with the subject of spacing in spliced 
and nonspliced bars. 

The author’s attempt to measure the slip of the interior ends of the spliced 
bars did not succeed, as explained in the paper because of the uncertain 
position of the datum plane on which the dial gages were mounted. However, 
the effect of the slip is clearly indicated in the load-deflection curves shown 
in Fig. 9 and 10. Perhaps the amount of slip at the interior ends of the spliced 
bars could be estimated by comparing the deflections of the beams with 
splices with those obtained for Beams 7, 8, and 9 having no splices. 

It is worthy of note that the slopes of the load-deflection curves for beams 
having the same ratio of reinforcement were roughly the same for loads ex- 
ceeding the cracking load. This would indicate that the slip of the spliced 
bars is more nearly independent of the length of the splice than is the case 
for the slip-length relationship for pull-outs or the standard bond test beams. 


*ACI JournaL, Feb. 1958, Proc. V. 54, p. 689. Disc. 54-38 is a part of copyrighted JouRNAL or THE AMERICAN 
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Discussion of a paper by C. A. Vollick: 


Effects of Revibrating Concrete’ 


By ROBERT G. ERWIN, E. N. MATTISON and F. A. BLAKEY, 
LEWIS H. TUTHILL, and AUTHOR 


By ROBERT G. ERWINT 


It has only been in the past few months that I have come into contact with 
the use of revibration of concrete and since I believe that it has merit in many 
cases, it was enlightening to study the tests conducted by the author. 

Since learning of revibration, I have recommended its use on one job where 
a dense concrete was needed as a reactor shield. Design engineers had specified 
a plastic weight of 155 lb per cu ft to obtain 28-day natural dry weight of 
150 lb per cu ft. Without the use of special heavy weight aggregates it was 
difficult to find local materials near this job to satisfy this density requirement. 
Five materials were tried and a densifying admixture was used in two of 
these trial batches. Economy was, as always, a factor to be considered. 

Revibration was used at the age of 3 hr after casting cylinders and the 
density was found to increase 1 lb per cu ft. Air bubbles were observed to 
break the surface of the specimens and a perceptible settlement was noticed. 
These weights were obtained by standard 6 x 12-in. metal bottom cardboard 
molcs, being revibrated externally. 

This increased consolidation is desirable where high density concrete is 
necessary not only for shielding in reactors but also where greater durability, 
watertightness, and higher strength is needed. 

Another advantage of revibration is that while concrete is being placed 
there is often so much rushing that the importance of vibration is oftentimes 
slighted. By revibrating after the unloading operation has moved on, more 
attention can be concentrated on sufficient and correct vibration. 

The results of the author’s tests on uniformity of concrete as listed in 
Table 3 have left me wondering why in the retarded concrete, was the co- 
efficient of variation at 4 hr so high in comparison with the coefficients at 
0, 1, 2, and 3 hr? Also why a relatively low strength in the top 2-in. section? 
This low strength near the top is also apparent in this same table for plain 
concrete at 4-hr revibration. I would appreciate the author giving reasons 
why this difference from top to bottom is so great from 3 to 4 hr before re- 
vibration in the plain and retarded concrete and not nearly so apparent in the 
air-entrained and air-entrained with retarder concrete. 


*ACI JournaL, Mar. 1958, Proc. V. 54, p. 721. Disc. 54-39 is a part of copyrighted JourNAL or THE AMERICAN 
Concrete Instirure, V. 30, No. 3, Sept. 1958, Part 2, Proceedings V. 54. 
tMember American Concrete Institute, Chief Laboratory Technician, Law Engineering Testing Co., Atlanta, Ga. 
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By E. N. MATTISON and F. A. BLAKEY* 


We have recently examined the effects of repeated or delayed vibration on 
some 50 concrete mixes and it may be of interest to report here the general 
form of the results, since they appear to agree closely with those reported by 
Mr. Vollick and include some of the factors that he has not dealt with. The 
following tabulation summarizes the factors that we have covered and their 
relation to the effects produced by revibration. 


(a) Slump (2, 4, and 6 in.)—For the 4-in. and 6-in. slump mixes it was 
found that vibration immediately after casting was unnecessary to achieve 
maximum compaction, and that the gain in strength @ould be achieved merely 
by delayed vibration until about the time of initial set, in this case at approxi- 
mately 3 hr. Initial vibration was necessary for full compaction of the 2-in. 
slump mixes. The increase in strength of about 18 percent which we noted 
appeared to be independent of slump for specimens tested after storage in 
fog conditions for 7 days. This applied to tensile as well as compressive 
strength, the tensile tests being done by the cylinder-on-its-side or Brazilian 
test. 


(b) Sand grading—Two sands of fineness moduli approximately 1 and 2 
respectively were used. There seems to be a slight decrease in the gain due to 
delayed or repeated vibration when the fineness modulus was raised from 1 to 2. 

(c) Ratio of fine to coarse aggregates—Generally the work was done with 
ratios ranging from 0.5 to 1, but some mixes with ratios as high as 2 were made. 
As the ratio increased there appeared to be a slight reduction in the effect of 
revibration on the strength, but the decrease is probably not significant with- 
in the range of mixes normally used. 


(d) Cement factor—Most work was done with a cement factor of about 6 
bags per cu yd but some mixes were prepared with a cement factor of about 
7% bags per cu yd. Increases in strength due to revibration were lower 
with the higher cement factor. This effect may be analogous to that listed in 
section (¢) in that the gains produced by late vibration are less when the 
proportion of fine material in the mix is high. 

As mentioned earlier, nearly all our tests were done at an age of 7 days 
when the increase in strength achieved by the late vibration ranged from 
about 18 percent down to about 10 percent. 


Measurements of the bleeding were made on all concrete mixes by a float 
method similar to that used by Powers.t For concretes of 2-in. slump there 
was found to be a fairly good correlation between the maximum bleeding or 
settlement of the fresh mix and the gain in strength due to delayed or repeated 
vibration, but for the higher workability concretes the scatter of the results 
was too great. For the 2-in. slump concretes, the gain in strength increased 
with increased bleeding. It has frequently been suggested that during bleed- 


*Experimental Officer and Officer-in-Charge, Mechanics and ay oe of Materials, Division of Building Research, 


Commonwealth Scientific and Industrial Research Organization, Melbourne, Australia. 
tPowers, T. C., ‘“‘The Bleeding of Portland Cement Paste, Mortar and Concrete,"’ ACI Journat, June 1939, 
Proc. V. 35, pp. 465-480; Bulletin No. 2, Portland Cement Association, July 1939. 
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ing small pockets of water form on the underside of particles of coarse aggre- 
gate and it seems possible that the effect of the late vibration is to close up the 
gaj}'s formed in the concrete structure in this way. 


The conclusions that have been listed here are those which appear to follow 
from an inspection of the results. A thorough statistical analysis is being 
made of the results and this may lead to some modification of the statements 
presented. 


By LEWIS H. TUTHILL* 


Mr. Vollick has made a valuable contribution to the meager literature on 
revibration, particularly in providing quantitative data on bleeding and 
strength as affected by revibration at various periods after placing. Since, 
as he says, we still find many engineers believing that any disturbance of con- 
crete as it sets, or after the ‘‘initial set,’’ can only be detrimental, it is indeed 
worthwhile now and‘then to publish and discuss such a fine paper on this 
subject. 


First, for the sake of the record, it should be noted that early experience 
with revibration and recognition of its benefits considerably predated World 
War II, as at least reference to the ACI JourNAL, September, 1938, p. 44, 
will indicate. Probably we will never know when these benefits were first 
observed, but one opportunity to become aware of them occurred during 


construction of Pardee Dam in California in 1928. Test cylinders were made 
both at the mixer and at the forms, and after hardening were transported 
about half a mile in a horizontai position on a heavy pad in the bed of a pickup 
truck to the job laboratory. During cold weather, several of these specimens 
made on the night shift had not set as hard as they seemed and during this 
transportation slowly extruded in a firm, hand-shaped lip about 6 in. beyond 
the edge of the mold. Instead of discarding these, they were carefully up- 
righted without breaking the concrete and as the cardboard mold was tapped 
with a survey stake, the extruded concrete slowly subsided and remolded it- 
self in the cylinder. About a dozen of these, specially marked, were found 
to have an average strength of about 500 psi greater than the average of cor- 
responding concrete not having the late revibration experience. This clearly 
indicated that late revibration was beneficial and that it was not harmful to 
disturb concrete having reached “initial set,’”’ provided the disturbance left 
it fully consolidated to continue hardening. 


Also for the record, it should be mentioned that the American Bureau of 
Shipping did not supervise design and construction of the World War II 
concrete ship program. Supervision entails constructive leadership and 
guidance in solving and carrying out the many problems of such a program. 
This was provided by the staff of the U. S. Maritime Commission and its 
consultants and builders. The American Bureau of Shipping, a private hull 


*Member American Concrete Institute, Division of Design and Construction, California State Department of 
Water Resources, Sacramento, Calif. 
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inspection and certification agency maintained by shipping interests such as 
builders, owners, and insurers, and long steeped in the tradition that only 
steel is suited to hull construction for practically all purposes, was by law 
required to approve all hulls built by the Maritime Commission. In doing 
this the American Bureau of Shipping did not succeed in convincing many that 
it was sympathetic to the program or that its ministrations were constructive. 
Although many of its requirements were no more than the commission staff 
would have secured ordinarily, approval was often conditioned on other de- 
mands which were unrealistic for concrete construction; for example, those on 
absolute water tightness discussed in the January, 1945, ACI JourNAL, pp. 
169-176. Such demands caused many delays and increased costs, and such 
an approach cannot go into the record as supervision. 

In connection with revibration, it was necessary to convince American 
Bureau of Shipping inspectors and others that this was an essential step in 
securing completely watertight repairs (see U. 8. Bureau of Reclamation 
Concrete Manual. p. 344), and that it actually improved the quality of the 
concrete. 

The latter was proved, as at Pardee Dam, by making test cylinders of some 
of the repair concrete which was 5 to 6 hr old and had almost set beyond the 
vibration limit. The superior strength of these cylinders again showed that 
late revibration is beneficial, if it fully reconsolidates the concrete. Such a 
test is easily made and is recommended in any case where concern exists 
that revibration may be harmful. Moreover, it would seem that the sluggish 
consistency of the concrete during late revibration would preclude the loss of 
entrained air in sufficient amounts to impair durability. 

Perhaps further understanding is needed of the effect of bleeding water 
that does not escape from inside the concrete but rises and remains as a 
film under each piece of aggregate, or from the surface but is reabsorbed by 
the concrete at a later stage of setting. Since the retarding agent Mr. Vollick 
used considerably augments bleeding (Fig. 5), it is hoped that we can look 
forward to results of further quantitative test results on these effects. 

Apparently there is little doubt that bleeding water that does escape pro- 
duces a corresponding reduction in water content and increase in strength. 
But, withoul revibration to restore the water that does not escape, to the paste 
late enough so that bleeding cannot again take place, is there not a possibility 
that in some way this interior stratification may make a concrete vulnerable 
to weathering, permeability, or sea water attack on its reinforcing? 

However, there is considerable evidence that we may confidently expect 
that, with late revibration, the advantages of bleeding, as well as of revibra- 
tion, can be obtained to the fullest. This is not as impractical as it may sound; 
in most cases all that is necessary is to vibrate deep enough to fully penetrate 
the underlying, previously placed layer of “concrete when each new layer is 
vibrated. Whenever it is not so late that_a running vibrator will not sink 
of its own weight, into this previous layer, we may be sure that only benefit 
will result from the revibration. 
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AUTHOR'S CLOSURE 


The author appreciates the comments and additional information provided 
by the discussion. 

Mr. Erwin raises a question regarding the low strengths in the top 2 in. 
of the concrete blocks tested with the impact hammer. Forms for the concrete 
used in this test were not maintained to overflowing during the entire period of 
revibration. Consequently, as settlement occurred, the top 2 in. became un- 
even. Although the extreme top was avoided when hammer readings were 
made, results obtained near the top may have been low in some cases. 

Additional tests have been made on revibrated 6 x 12-in. concrete cylinders. 
Plain concrete, air-entrained concrete, retarded concrete, and concrete con- 
taining entrained air and a retarder were tested. In this series of tests the 
same schedule of revibration was followed that was used previously. The 
cylinders were maintained full and after the final revibration the top of each 
cylinder was lightly troweled. 

After curing 7 days, the cylinders were capped and placed in the testing 
machine. A load of 100 lb was applied to each cylinder and readings were 
made with the impact hammer while the load was applied. Four readings 
were made for each inch of each cylinder from top to bottom. Standard 
deviation and coefficient of variation were calculated. 

Low strengths did not appear in the top 2-in. sections of the retarded and 
plain concretes at 4 hr revibration as was observed in the previous tests. As 
in the case of the original tests, results do not appear to be highly significant. 
It is of interest that the lowest coefficient of variation was obtained with each 
type of concrete after revibration at 3 hr. 


Water entrapped under pieces of aggregate or reinforcement may possibly 
be a source of weakness, or may make concrete vulnerable to the weathering 
or sea water attack, as Mr. Tuthill suggests. If this condition should occur, 
revibration at later periods will remove these pockets by bringing the water to 
the surface. 


Retarded concrete that bleeds freely and rapidly is less vulnerable to 
weathering or sea water attack than concrete that does not bleed. 

Air entrainment reduces bleeding and produces a large improvement in 
resistance to weathering. This increased resistance is caused by the small 
air bubbles and not by the reduction in bleeding. 





Disc. 54-40 


Discussion of a paper by E. C. Wenger: 


Concrete for Sewage Works* 


By W. T. McCLENAHANT 


Unless there is industrial acid coming into the sewage, the acid attack does 
not occur below the water line. The sulfuric acid attack which Mr. Wenger 
describes, resulting as it does from the oxidation of the hydrogen sulfide which 
is absorbed by the moisture which has condensed on the concrete and steel 
surfaces, is confined almost entirely to the upper parts of the arch and side 
walls of sewers, to the walls and covers of manholes, and to the ceiling and 
side walls of coarse screen chambers, suction wells, and discharge chambers 
where there is sufficient agitation to free the sewage of its entrained gas. A 
branch sewer emptying into a manhole in an intercepting sewer may also 
cause sufficient agitation to free the sewage of its entrained gas. The sulfuric 
acid attack is often quite severe near these junction manholes. Only rarely 
does the sulfuric acid attack occur in the digestion tanks, except occasionally 
just above the water line. 

The amount of hydrogen sulfide produced, however, depends greatly on the 
source of the sewage. Domestic sewage may produce only a comparatively 
small amount of it. On the other hand, sewage from the stock yards and 
packing plants produces hydrogen sulfide in large quantities. 


EVIDENCE OF ACID ATTACK 


It may be of interest to make note of some of the ways the acid attack evinces 
itself. 

Some years ago, the writer had occasion to inspect a concrete sewer in 
Evanston, Ill., which handled domestic sewage. The sewer had been built 
under air in tunnel some 30 years before, but since the tunnel leaked air, the 
contractor had plastered the interior walls with cement mortar to stop the 
leaks. 

The writer observed a number of ways in which the acid was attacking the 
concrete. 

Over much of the surface above the water line, he found a white chalky-like 
blanket about 14 in. thick, presumably of calcium sulfate, although it was not 
analyzed. The calcium of course, came from the cement and aggregate which 
was used in constructing the sewer. This blanket of sulfate covered most of 
the upper surface for long distances. 

Ganmied leceairen i tee Wade eek tee nt re oe ee ee 


t+tMember American Concrete Institute, Livonia, Mich.; formerly Materials Engineer, Metropolitan Sanitary 
District of Greater Chicago, Chicago, II. 
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In places, however, the writer noticed another type of attack. Here appar- 
ently, the plaster coat had cracked, possibly because of shrinkage, and the 
sulfuric acid and hydrogen sulfide had gotten through to the underside of the 
plaster coat. The result was that the plaster coat was being pried away from 
the sewer wall in flakes about the size of my hand. These flakes projected 
into the flow way about 4 or *4 in. Behind these scale-like projections the 
writer found more of the same white chalky-like material which apparently 
had been responsible for pushing the flakes out from the surface. 

Still another way in which the acid attack exhibited itself took place at 
_cracks which had occurred in the sewer wall where ground water was leaking 
into the sewer. Apparently the sulfur gas, or perhaps it was the sulfuric acid, 
penetrated these cracks and attacked the concrete on the two sides of the 
crack. I found these cracks filled to a considerable depth with this same 
white chalk-like material. 

In one of our coarse screen chambers, ! noted still another manifestation of 
the damage the acid can do. The acid in this case apparently got through the 
concrete to the reinforcement through cracks, or otherwise, and the corrosion 
as it crept along the bars of steel caused the concrete to spall off, so that the 
damage became quite general and even structurally weakening to the concrete 
beam in which the attack occurred. 

The lesson.to be learned from these observations is that a sewer or other 
structure which will be subject to this type of attack should be built as near as 
possible without cracks, for the cracks will afford deep entrance for the acid to 
do structural damage. In addition, the cracks are objectionable where they 
admit ground water for the leakage increases the pumping cost and the cost 
for sewage treatment. The leakage also decreases the carrying capacity of 
the sewer. 

A type of acid attack which Mr. Wenger does not mention, which we en- 
counter in our aeration tanks, is less common than is the sulfuric acid attack, 
but it should be noted. These aeration tanks are about 400 ft long and quite 
narrow. Along the bottom near one wall is a row of porous plate boxes through 
which air is forced. 

The air acts as in a hydraulic pump to cause the sewage to rotate in the 
digestion channel, thus keeping the sewage agitated. It also encourages the 
growth of the aerobic type of biologic life which digests the organic substances 
in the sewage, including the carbonates. When the carbdnates are broken 
down, COz is freed which is dissolved in the flowing sewage, the concentration 
of COz increasing as the sewage flows along until at the outlet ends of the 
aeration tanks we have found as much as 11.8 ppm in the sewage. This COs 
attacks the calcium of the cement and aggregate, first forming the normal 
calcium carbonate and if the sewage remains acid to phenolphthalein the 
normal carbonate is changed to the bicarbonate which is soluble and is washed 
away in the boiling sewage. 

The writer inspected the walls of our aeration tanks at the North Side 
Sewage Treatment Works. shortly after they were built and found that about 
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3 in. of the wall surface had been removed in 6 years. As a result of this 
observation, later aeration tanks were built with “ye in. greater concrete 
thickness over the reinforcement. 

Aside from this expedient, we haven’t yet come up with a satisfactory solu- 
tion. Eventually, we may have to shotcrete the walls to replenish the waste- 
age when this erosive action seems to be getting too near the reinforcement. 
A possible solution for this problem has come to mind although the writer has 
never tried it. Suppose just after the forms are removed the concrete surface 
is treated with magnesium zinc fluosilicate, would the calcium then be so easily 


removed? Others may be able to suggest better ways of sealing off the ¢ i ium 


or substituting a less soluble base for it. Another possible expedient wauld be 
to coat the walls with coal tar or expoxy paint or with some other type of 
paint to prevent the leaching action. 

It. will be noted that the sulfuric acid attack tends to be deeply penetrating 
and is often structurally damaging. The carbonic acid attack however is 
characterized by its confinement to the surface. We have never observed 
any deep penetration of the attack. 

Inasmuch as the sulfuric acid attack tends to deep penetration, we like to 
use some air entrainment in our concrete. This amount we make about 70 
percent of the amount we use in concrete which will be subject to frost action. 
The air prevents the formation of channels in the concrete through which the 
acid can enter. Stopping these channels confines the attack to the surface 
so that the damage is much less severe. 


DAMAGE OTHER THAN CHEMICAL ATTACK 


I should not leave this subject of the damage which may occur to concrete in 
a sewage works without mentioning two ways in which certain physical forces 
may come into play and do damage to the concrete in a sewage works, for not 
all damage is done there by a chemical attack. 

For instance, concrete in roads, sidewalks, and construction generally that is 
subject to frost action must be constructed with all the care and provision 
that is considered good engineering practice in building pavements, and one of 
the most important of these provisions is to provide air entrainment in all such 
concrete in amounts equal to 9 percent by volume of the mortar. 

There is, however, another similar physical action that often does damage 
to concrete about a sewage works. The writer first noticed this second way in 
which concrete suffers physical damage many years ago in the thin concrete 
partition walls in sludge drying beds at our Calumet Sewage Treatment 
Works. I noticed that the edge of these walls had developed horizontal 
cracks and that the walls were tending to laminate and thin slabs were concn 
to fall away from the sides of the walls. 

At the same time, not far away, I saw evidence of the same type of attack on 
the walls of a dosing tank for a small sprinkling filter which was then being 
used. In this case I noticed that underneath the scale that was coming off 
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the sides of the tank there was a blue-white deposit which I surmised was 
doing the damage to the concrete of the tank. 

Later we built the Imhoff tanks at our West Side Sewage Treatment Works. 
Here again, I found evidence of the same type of damage. 

Because the gas vent walls were thin and highly reinforced, the contractor 
in concreting the walls had made his concrete rather wet. About a foot above 
the water line in the Imhoff tank, a walkway about 24 in. wide had been can- 
tilevered out from the gas vent wall. Because of the gravitational effect, 
the water in the concrete as it tried to escape, coursed up through the soft 
concrete and left channels in the concrete which remained when the concrete 
hardened. These capillaries made the concrete act like a wick to suck up 
water from the sewage or from the wet scum in the gas vent. The water 
coursed up to the tops of the gas vent walls and out to the edge of the walkway 
slabs where the water evaporated leaving the dissolved solids behind in the 
pores of the concrete. When these solids became sufficiently concentrated they 
began to crystailize out of solution in the pores of the concrete and since the 
crystallizing force was so great it caused a splitting of the concrete which 
appeared as laminations underneath some of the blisters which were formed. 
I found the same blue-white deposit which I thought was responsible for the 
laminating effect, although frost action could have assisted the action in some 
cases. 


PREVENTING DETERIORATION 


The lesson to be learned is that this formation of capillaries should be pre- 
vented so far as possible and the best way to prevent their formation is to use 
air entrainment. In most of our concrete we have standardized on the use of 
about 70 percent as much air entrainment as we use in paving concrete; that 
is sufficient for foundation work and sewers, but I believe that concrete that 
is built to contact sewage or wet sludge and at the same time presents wide 
areas for evaporation of the water should be built with 9 percent air entrain- 
ment based on the mortar volume the same as for paving concrete. 

In addition we like to use Type II portland cement when it can be had be- 
cause it is much more resistant to the sulfuric acid. Inasmuch, as the Type II 
cement is not always available, experiments have shown that if we use a blend 
of 80 percent by volume Type I portland cement with 20 percent fly ash we 
secure about the same sulfate resistance as where we use all Type II portland. 
For practical reasons we specify use of the fly ash blend even where Type II 
cement is being used, so that the concrete supplier will equip himself to furnish 
the blend. Then if the Type II cement is not available, we at least get the fly 
ash blend with Type I cement, and the fly ash substitution for Type II cement 
does not damage the concrete at all, but actually improves the resistance to 
the sulfuric acid to some extent. 

Just how the fly ash acts to improve the sulfuric acid resistance, I am unable 
to say. However, I might make some suggestions as to how we think it may 
act. 
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(1) Where the fly ash is used as a replacement for a portion of the portland 
cement, say 20 percent by volume, it acts to dilute the constituents in the 
portland cement that are most affected by the acid. Thus, technologists 
tell us that it is the C;A that does most of the damage when it is changed to 
the sulfate. Since there is presumably no C;A in the ffy ash, there will be only 
80 percent of the amount found in the portland cement to be found in the 
blend where the fly ash replaces 20 percent of the volume. Thus, assuming 
9 percent C;A in Type I cement, there will be only 80 percent of 9 = 7.2 per- 
cent in the blend, which is not far from the amount usually found in Type II 
cement. 

(2) A second way in which the fly ash may improve the resistance to the 
acid, comes from the fact that the fly ash is usually much finer than is the 
portland cement. The result is that it usually improves the grading of the 
cementitious part of the mixture. Improving the grading tends to increase 
the concrete density since the fly ash used in these small percentages does not 
seem to increase the water-cement ratio at all. 

(3) A third way in which the fly ash may increase the resistance to the 
sulfuric acid, comes from the way it hydrates. When it hydrates we find that 
a gel like substance is formed, which presumably is a hydrate of some kind. 
This gel tends to stop up the channels which may have been formed in the 
concrete so that the acid cannot penetrate through them. Then again, the 
gel tends to coat the cement particles so that the acid does not contact them, 
thereby preventing the chemical reaction. 


These cements come from our practicle experience in the building and use 
of concrete about our plants for the last 30 years or more. 
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Discussion of a paper by A. D. Ross: 
° oe 
Creep of Concrete under Variable Stress 
By R. D. DAVIES and AUTHOR 


By R. D. DAVIEST 


This paper is a valuable contribution to the understanding of the difficuit 
problem of creep under varying stress. The writer found it especially in- 
teresting, having himself recently completed a series of experimentsf to test 
the validity of the principle of superposition as suggested by McHenry. Like 
the author, he found that the recovery of creep on unloading is appreciably 
less than would be expected from superposition. Nevertheless, the paper 
shows that superposition never gives a wildly wrong answer, which is more 
than can be said for the effective modulus and the rate of creep methods; 
but it looks as if an even better forecast would be obtained if, in applying the 
principle of superposition, the creeps due to loadings other than the first were 
scaled down a little. 

The problem of creep under varying stress is particularly relevant to pre- 
stressed beams, in which the stresses caused by the original prestressing are 
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(i) (ii) (iii) 


Fig. A—Stress diagrams for symmetrical section 


drastically changed when the working bending moment is later applied. We 
are all familiar with the stress diagrams of Fig. A for a symmetrical section. 


*ACI Journat, Mar. 1958, Proc. V. 54, p. 739. Disc. 54-41 is a part of copyrighted JourRNAL or THE AMERICAN 
Concrete Institute, V. 30, No. 3, Sept. 1958, Part 2, Proceedings V. 54. 
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They are generally accepted and are, no doubt, accurate enough for practical 
purposes; but how are diagrams (ii) and (iii) justified? We may admit that, 
with sufficient accuracy, plane sections remain plane. But, if loading is at all 
prolonged, change of stress is certainly not proportional to change of strain 
throughout a cross section. This is obvious if we note that at the centroid 
of the section strain increases continuously owing to creep, although the 
application of the working bending moment causes no change of stress. The 
writer believes that diagrams (ii) and (iii) can only be justified theoretically 
if McHenry’s principle of superposition is accepted. 


AUTHOR'S CLOSURE 


The author noted with interest Dr. Davies’ discussion and the report of his 
experiments. It is gratifying that his tests confirm those described by the 
author, not only in the sense of the error when using McHenry’s hypothesis 
but also in the order of magnitude of that error. These studies have special 
relevance to prestressed concrete beams, particularly in cases in which a 
permanent deck or floor load—separate from the self weight of the beam 
is applied some time after tensioning. Severe fluctuations of stress, including 
a transition from compression to tension, is sometimes caused by thermal 
effects. The significance of the error in such cases when using McHenry’s 
hypothesis deserves further study. 
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Discussion of a paper by Eugene Guillard: 


Ultimate Resisting Moment of Beams with 
Compression Reinforcement* 


By EDWARD COHEN, HENRY J. COWAN, JAIME DE LAS CASAS, 
MARVIN A. LARSON, A. ZASLAVSKY, and AUTHOR 


By EDWARD COHENT 


The author raises a point which deserves clarification. Certainly the 
calculated ultimate flexural strength of a section is not reduced by the addi- 
tion of compressive reinforcement. In his design work the writer has always 
neglected top steel unless it tended to raise the centroid of the compressive 
forces. However, it appears that the author, in his effort to obtain the mathe- 
matical maximum benefit of the top steel, has neglected one of the physical 
conditions of the problem. To ensure that the yield strength of the steel is 
developed requires that strains of e«, = 0.001 for f, = 30,000 psi to «, = 0.002 
for f, = 60,000 psi be present at the level of the reinforcement. For ultimate 
strength design the ACI-ASCE committee report and the ACI Code establish 
an allowable maximum strain in the concrete of «. = 0.003 at the extreme 
compressive surface of a beam. 

If the neutral axis is taken at a distance 1.2a from the compression face 
the strain at the bottom of the compression block would be only 0.0005 which 
would produce a stress of only 15,000 psi. The writer feels that within the 
limits of the ACI Code and the ACI-ASCE committee recommendations the 
proposed method is valid if it is modified to consider that the stress in the 
compressive steel is a function of the strain. The stress in the compressive 
reinforcement in psi becomes, 


d’ 
f.’ = {1 — — } 90,000 
1.2a 


Negative values and values greater than f, should be neglected. 

For most design purposesf ‘‘when the strength of a beam is limited by the 
tension steel, it may be designed as if the compression steel were not present. 
However, if the compression steel is nearer the compression face than the 
center of the concrete compression stress block, the tensile steel required 
can be reduced by taking advantage of the longer lever arm by using the 
following formula. 


*AC I San RNAL, Mar. 1958, Proc. V. 54, p. 759. Disc. 54-42 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 30, No. 3, Sept. 1958, Part 2, Proceedings V. 54. 
+Member American Concrete Institute, Assoc iate, Ammann & Whitney, New York, N. 
tWhitney, Charles S., and Cohen, Edward, ‘Guide for Ultimate Strength Design of Re inforced Concre te,” ACI 
Journat, Nov. 1956, Proc. V. 53, p. 464. 
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M,, (p — p’)m d' 
act ae —_. wl a as G en om 
hd? (p p | 2 fu + v' fu 1 d 


“Although Eq. (18) makes no deduction for the area of concrete displaced 
by the compression steel, the error involved is not significant.”’ 

Although it can be shown that Eq. (A3) of the ACI Code is more conser- 
vative, the normally small increase in accuracy which may be expected from 
subtracting the effect of the displaced concrete is reduced because this effect 
is subtracted only from the second term. To be consistent it should also be 
subtracted from the first term as follows: 


1 
M,=(A.f, — A,’ f,’)d [ — 0.59 (pf, — p’ fy’) ; | + A,’ f,’ (d — d’) 


where f,’ = f, — 0.85f.’. 
By HENRY J. COWAN* 


Mr. Guillard’s paper touches on an interesting discrepancy in the ultimate 
strength design formulas given in the appendix of the latest ACI Code. 


TABLE A—MAGNITUDE OF ERROR INTRODUCED BY USE OF THE 
“STEEL BEAM” THEORY 


Error, percent 


Materials c For A,/A,’ = 1| For A,/A,’ = 3 


1:2:4 concrete 01 
and mild steel 02 
05 


(Ultimate strain of 02 
concrete = 0.6 percent) 05 
10 


(Yield strain of 03 
steel = 0.13 percent) 05 
10 
15 
1:1:2 concrete and 01 
high tensile steel 05 
10 


(Ultimate strain of 02 
concrete = 0.3 percent) 10 
20 


(Yield strain of .03 
steel = 0.18 percent) 10 
20 

0.30 


*Professor of Architectural Science, University of Sydney, Sydney, Australia. 
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The writer discussed this problem some time ago in a paper “Ultimate 
Strength Design of Rectangular Reinforced Concrete Beams with Com- 
pression Steel” [Civil Engineering and Public Works Review (London), V. 48, 
Apr. and May 1953, pp. 331-333 and 444-446], and worked out the error re- 
sulting from the formulas which have since been embodied in the ACI Code. 

A table in this paper (Table A) gives the magnitude of the error which 
results if the strength of the concrete is ignored and account is taken only of 
the forces in the tension and compression steel both stressed to their respective 
yield points. 

This table was computed for the limiting stresses ruling in England at the 
time. 

It will be seen that the error is not a serious one, except for the case of 
symmetrical steel with low strength materials when the compression steel is 
relatively distant from the compression face. 

The British Code of Practice has, in fact, always permitted, even before 
the introduction of ultimate strength design methods, the use of the “steel 
beam theory.” For sections with a relatively high percentage of compression 
steel this allows the designer to ignore the concrete and stress the steel to its 
limit. Although this theory has no theoretical foundation, it seems to give 
the right answer and it has the merit of great simplicity. Its introduction 
into the ACI Code deserves serious consideration. 


By JAIME DE LAS CASAS* 


The method proposed by Mr. Guillard possibly constitutes a good solution 
to inconsistencies observed in Eq. (A3) of the ACI Code. But the writer 
believes, after a study of the paper, that it is also reasonable to arrive to an 
sasier numerical way of interpretation as follows: 

Using as comparative terms p’/p and 1 — (d’/a), a = depth of rectangular 
stress block = dpm.t 


1 
When 1 — = is negative Eq. (A1) of ACI Code could be used 


p’ Original formula presented by Whitneyt 
When ? < could be used, or, in spite of trivial differences, 


Eq. (A3) of ACI Code 


M, = A, fy (d — d’) + 0.425 f.’ b d’§ 


*Member American Concrete Institute, Lima, Peru. 

tWhitney, Charles S., and Cohen, Edward, “Guide for Ultimate Strength Design of Reinforced Concrete,’’ ACI 
Journat, Nov. 1956, Proc. V. 53, p. 461. 

Op. cit., p. 464; also: Whitney, Charles S., “Plastic Theory of Reinforced Concrete,’ Transactions, ASCE, V. 
107, 1942, p. 2133. 

§Guillard paper, p. 762; in the formula below Fig. 2 for maximum moment, substitute d for a. 
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The proposed interpretation of Mr. Guillard’s paper by the writer is an 
easier numerical way arriving at similar results, which may be used for prac- 
tical purposes. 


A further study based on similar assumptions could be developed regarding 
T-beams to correct inconsistencies of Eq. (A4) of the Code. 


By MARVIN A. LARSON* 


The objections raised by Mr. Guillard to Eq. (A3), Section A606, of the 
ACI Building Code (ACI 318-56) need not be taken seriously. Indeed, if it 
were not for the evident amount of work expended in the preparation of this 
paper, it would be difficult to believe that the author himself takes them 
seriously. 

The illustrations are all drawn for sections which are under-reinforced in 
tension. Under such circumstances there is little reason for adding com- 
pressive steel to the section. Moreover, the relative dimensions used are 
such that the so-called compressive steel lies either outside or very near the 
edge of the compressive stress block of the concrete. A reasonable designer 
would exclude such bars from consiceration as compressive reinforcement in 
the application of Eq. (A3), and would find nothing inconsistent with the 
Code in so doing. 

The procedure for optimizing the amount of compressive steel used in a 
section, simply stated, amounts to nothing more than replacing with com- 
pressive steel that portion of the concrete compressive stress block which 
lies at a greater distance from the compressive face of the member. When so 
considered, there is no need for recourse to either the equations or chart 
given in the article. 

The significant factor which seems to have escaped the author is the fact 
that for the under-reinforced sections considered, the addition of even a large 
amount of compressive reinforcement will produce only a trivial increase in 
the ultimate resistive moment whereas the same amount of steel added to the 
tensile reinforcement will produce a severa!-fold greater increase in the ultimate 
resistive moment. This may be shown by reference to the illustrative example 
of the original article. 

A 12x 15-in. beam with tensile reinforcement of 2.70 sq in. was shown to 
have an ultimate resisting moment of 1580 in.-kips. With the addition of an 
“optimum” amount of compressive reinforcement, 0.65 sq in. at d’ of 3 in., 
the ultimate resisting moment was increased to 1600 in.-kips, or a net increase 
of 20 in.-kips for 0.65 sq in. of steel. Adding the same amount of steel to 
the tensile reinforcement would increase the ultimate resisting moment to 1890 
in.-kips, a net increase of 310 in.-kips for 0.65 sq in. of steel. In this case, 
augmenting the tensile reinforcement is 15 times more effective than adding 
compressive reinforcement. 


*Member American Concrete Institute, Structural Engineer, San Francisco, Calif. 
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In summary, two points should be made: (1) it is not reasonable to consider 
as compressive reinforcement bars which lie at or near the neutral axis of the 
section; and (2) in an under-reinforced section an increase in the tensile rein- 
forcement will produce greater benefit than the addition of compressive rein- 
forcement. 


’ 


By A. ZASLAVSKY* 


Maximum resisting moment for given tensile steel 

Mr. Guillard’s interesting paper proposes a correction to Eq. (A3) of ACI 
318-56. Although the correction is quite reasonable, it is to some extent 
arbitrary and only tests would establish the measure of its accuracy. However, 
since the proposed correction is comparatively small it may even be difficult 
to draw conclusions from tests. 

The author correctly points out that ‘while it is conceivable that the addition 
of compression steel will not increase the ultimate moment . . . , it is difficult 
to believe that the ultimate moment will be reduced.”’ This is in line with 
one of the general principles of limit design. The negative statement that 
additional compression steel will not reduce the ultimate moment does not 
necessarily imply that it will invariably increase it. The question then is 
up to which point would addition of compression steel p’ increase the ultimate 
moment .7,,? Plotting W, against p’ (the tensile steel p considered as given) 
the author suggests that after 17, has reached its maximum it should be re- 
garded as constant. Additional compression steel would not increase the 
strength of the section, because the stress in the compression steel would be 
reduced below the yield stress. 

The writer feels that this point of ‘‘non-increase’’ may be reached before the 
above mentioned maximum and that therefore the optimum v’ may be smaller 
than p’ as given by the author’s Eq. (5) and that a would then be larger than d’. 
Considering the stress distribution for the author’s maximum VW, (Fig. A), 
doubt arises whether the compression steel placed near the neutral axis may be 
regarded as stressed up to the yield point (even allowing for the fact that 
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Fig. A—Stress and strain dis- 
tribution for rraximum ultimate 


moment (author's proposal) f*— b oo 








*Senior Lecturer, Technion, Israel Institute of Technology, Haifa, Israei. 
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tL Fig. B—Stress distribution for 
= CtC. maximum ultimate moment 
s (writer’s suggestion) 
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the actuai neutral axis may lie somewhat lower than the one based upon the 
assumed rectangular stress block). It is theretore suggested that the actual 
ultimate moment maximum M, may be smaller, and that it be conveniently 
computed from the condition that a be equal to 2d’ (Fig. B): 











T=Ashy 


a.m 20’... 


maximum M, = A, f,(d — d’) 
the corresponding optimum p then equals (m = ;,/0.85/.’): 


2d’ /d 
pm 


and should be used instead of the author’s Eq. (7). 
When maximum M, turns out smaller than 1, (calculated by considering 
the tensile steel p alone), then, of course, M,,; applies. This is the case when: 


A,f,d(1 — 0.5 pm) > A, f, (d — d’) 


2(1-—d/d’) —~ 
p> = ~. nd ay 7 (IV) 


m 


Referring to author’s illustrative example—a is negative (p < p), and therefore 
maximum M, = M,, = 1580 in.-kips < 1600. 


Maximum ultimate moment for given total reinforcement 

Another question (not discussed by author) is, how should a given (otal 
steel area (As)ioc = Ap + As’ = Agi + 24,’ be divided into tensile and com- 
pression steel to produce maximum ultimate moment (Fig. C)? 

Substituting pi) = p — p’ and p’ = Mo(prour — pi), Eq. (2) may be written 
as follows: 


M, (d — d’) 


1% ( , li m 
——. = VY (prot — 21) —-~pm= 
ty bd d ee ee L $9 2 
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Aj =pbd re 2. 








ane 
As= pod As7 AsAs= ped As,=As 


Fic. C—Components of ultimate moment 























Differentiating with respect to p; and setting equal to zero results in 


1+ d'/d 


2m 
p: dm 14 (d +d’) (VI) 


The result shows that (theoretically) only after the tensile steel has reached 
the value pi, as given by Eq. (V), it is advantageous to use half of the addi- 
tional steel as compression steel, the other half being added to p;. (No con- 
sideration is given to deflections, creep, etc.). But the Code requires much 
lower values for p; and a to ensure a tension failure: 


maximum p; = 0.4 f.’/f, = 0.47 m; maximum a = 0.47 d 
Therefore, in designing sections, compression reinforcement should be given 


only after p; has been utilized up to maximum 7. This recommendation is 
also implied by other authors.* 


Eq. (V) and (VI) can also be derived from the following consideration (Fig. 
D). 


In case of a equal to the value given by Eq. (VI) a small addition 2AA, 
to the tensile steel A,, will produce the same increase A M, us the same addition 
equally divided between tension and compression zones: 


AM, 
——)2a4,(¢ - Au = AA, (d 


Substituting a = (A,,; + 2 A4A,)m/b; Aa = (a — a) 244A, m/b and 
neglecting the small term 2 AA,? m/b, results in Eq. (V). 


*Whitney, Charles S., and Cohen, Edward, ‘‘Guide for Ultimate Strength Design of Reinforced Concrete,"’ ACI 
JourNAL, Nov. 1956, Proc. V. 53, pp. 455-490. 

Ferguson, Phil M., “Simplification of Design by Ultimate Strength Procedures,’’ Proceedings, ASCE, V. 82, ST4 
July 1956, pp. 1022-1 to 1022-25. 
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Fig. D—Equal increase AM. is produced by alternative additions of 2 AA, in case 
a = ”% (d + d’) 


























Referring again to the author’s illustrative example, the ultimate moment 
for p = 0.015 and p’ = 0.0036 equals 1600 in.-kips, but adding p’ to p as 
tensile steel would produce 1890 in.-kips. 


Comparison with Russian code 


It may be of interest to compare the above with Russian codes (first intro- 
duced in 1938). The ultimate moment is similarly computed on the basis 
of a rectangular stress block. But instead of the maximum stress 0.85f,’ 
the “crushing strength in bending” f, is introduced, defined as 1.25 times the 
prism strength f,-. Since the value f,, may be regarded as approximately 


equal to f.’ the difference in the assumed concrete strength is quite large. This 
difference has little influence upon M, since steel is the governing factor, but 
the limiting values maximum p; and maximum a are affected: 


maximum p; = 0.5 f,/fy, 
maximum a = 0.5d 


maximum M,, = 0.375 bd? f, 


The code’s last edition (using different safety coefficients for dead load, live 
load, concrete strength, and steel yield strength) even increases the 0.5 co- 
efficient up to 0.55. 

In sections with compression steel, a is limited to 2d’ in agreement with the 
writer’s Eq. (1). 

The code also limits the maximum possible ultimate moment (for any com- 
bined tensile and compression reinforcement) to maximum M, = 0.500 bd?f,. 


AUTHOR'S CLOSURE 


The author wishes to express his appreciation to the discussors for their 
interesting contributions to the paper. It is gratifying to cee that design 
engineers are embracing the methods of ultimate strength design and are 
interested in correcting discrepancies in the new methods which to some may 
seem trivial. 
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From the discussion by Mr. Larson on the relative merits of tensile and com- 
pressive steel it is apparent that some clarification of the problem is in order. 
It is obviously true that more benefit is derived from tensile reinforcement 
than compressive reinforcement. However, the assumption in the paper 
is that the steel on the compression side of the beam is present for reasons 
such as the extension of tension steel into a region of compression, providing 
for reversals of loads, or the reduction of creep and deflection. 

In considering this problem Eq. (A3) admits two possible conditions, either 
(1) the centroid of the compression steel lies at the edge of, or entirely within 
the assumed compressive stress block on the concrete, or (2) the steel lies 
below the assumed stress block due to the assumption that the compression 
steel is at the yield stress. For the first condition Eq. (A3) is applicable and 
yields the same results as the proposed formula [only the form of Eq. (A3) 
has been changed]. The second condition is unrealistic, hence Eq. (A3) in its 
present form gives illogical results. This was graphically demonstrated in 
Fig. 3. The proposed formula presents a method of properly evaluating the 
effectiveness of the compression steel. 

Mr. Larson’s suggestion that bars which lie below the stress block would be 
excluded from consideration by a reasonable designer is actually a crude 
attempt to correct the inconsistency in Eq. (A3). Note that the term in Eq. 
(A3) which involves the compression steel requires that such steel be con- 
sidered at the yield stress! 

The suggestion by Mr. Zaslavsky that the value of VM, should be computed 
from the condition that a be equal to 2d’ is an arbitrary limitation on the 
moment arm of the resisting couple. The maximum value of the ultimate 
moment by this assumption can never exceed 


M, = A, f,(d — d’) 
It seems to the author that Mr. Cohen’s suggestion that the strain rela- 


tionship be taken into consideration is more logical than arbitrarily limiting 
the value of a. Taking the equation of Mr. Cohen’s discussion 


d’ 
f’ ={1- ~ } 90,000 
1.2a 


and substituting 3 f, for 90,000 results in a limiting value for a of 1.25 d’ 
when f,’ = fy. Eq. (7) would then become 


1.25 d’/d 


pm 


(7a) 


It will be noted that Eq. (18) of Mr. Cohen’s discussion is the same as Eq. 
(2) of the paper which was shown to give illogical results when p’/p is larger 
than 1 — [ (d’/d)/pm) 
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It is enlightening to learn that Professor Cowan had discussed the same 
problem prior to the time the formula was adopted in the ACI Code. Pro- 
fessor Cowan also clearly shows that the error is small in most cases. The 
author, nevertheless, believes that the discrepancy can and should be elimi- 
nated. 


Although not a subject of the paper, Mr. Zaslavsky’s discussion on the best 
distribution of a given total steel area was interesting and the writer agrees 
that the maximum amount of tension steel allowed by the Code should be 
used if possible. However, if for practical reasons this amount of tension 
steel cannot be used, the maximum ultimate moment will be obtained by se- 
lecting as large a value of p as practical and then determining p’ from Eq. (7). 


Mr. Casas’ interpretation of the problem is simple, direct. and serves as an 
excellent summary. 





